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Abstract 
To circumvent problems associated with rapid mixing we have used photolabile 
protecting groups for rapid initiation of biochemical processes. Specifically we have 
utilized laser triggering to initiate electron transfer in quinol-oxidizing enzymes and to 
study conformational changes in proteins. 
In order to probe the reaction chemistry of respiratory quinol-oxidizing enzymes 
on a rapid time scale, a photoreleasable quinol substrate was synthesized by coupling 
decylubiquinol with the water-soluble protecting group 3',5'-bis(carboxymethoxy)benzoin 
(BCMB). Photolysis of DQ-BCMB led to the release of the BCMB group in less than 
10-6 s. The electron transfer from decylubiquinol to the respiratory enzymes Escherichia 
coli cytochrome b03 and mitochondrial cytochrome bCl was studied using "caged" 
decylubiquinol. Cytochrome bCl reacted with photoreleased decylubiquinol with distinct 
kinetic phases corresponding to rapid b-heme reduction and slower c-heme reduction. 
The discrimination of kinetic phases in the reaction of cytochrome bCl with ubiquinol 
substrates has provided a means of exploring the bifurcation of electron transfer that is 
central to the operation of the Q-cyde in this enzyme. 
A general, rapid method for triggering protein unfolding and folding has been 
developed using the photolabile protecting group 3',5'-dimethoxybenzoin (DMB) and the 
photolabile linker 3'-(carboxymethoxy)benzoin (CMB) respectively. To study unfolding 
the DMB group was introduced in a site-specific manner to block a mutation known to 
destabilize the GCN4-pl coiled-coil. Upon photolysis, the unfavorable interaction is 
unmasked and the peptide unfolds allowing for kinetic characterization. 
VI 
The 35 amino-acid headpiece subdomain of the actin bundling protein Villin was 
constrained in a non-native state by cyc1ization of the N-terminus to a cysteine residue 
introduced in the middle of the protein. Since destabilization of the native state is 
accomplished by the conformational constraint of a head-to-side chain cyc1ization, the 
folding of the Villin headpiece can be initiated by rapid photolysis of the photo labile 
linker. The ensuing folding process was studied in real time, in the absence of added 
denaturants. This work demonstrates a general methodology for studying early events in 
protein folding, a process that is crucial for the understanding of how a protein reaches its 
native state. 
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phophomumhexafluorophosphate 
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O-Bromoacetyl-3' -carboxymethoxybenzoin 
Circular dichroism 
3' -carboxymethoxybenzoin 
(±)-1-HydrmiY-J -[3-( carboxymethoxy)phenyl]-2-phenyl-2-( 1,3-dlthian-2-yl)ethane 
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bis( carboxymethoxy) benzoin 
carbonate monoester of decylubiquinol 
decylubiquinol 
1,2-Ethanedithiol 
Fast atom bombardment mass spectrometry 
Fluorenylmethyl-oxycarbonyl 
Guanidinium chloride 
2-(lH-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium 
hexafluorophosphate 
2-Hydroxy-4-methoxybenzyl 
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Infrared 
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Mass Spectrometry 
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XI 
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Villin headpiece subdomain 
Standard three letter amino acid abbreviations are used throughout the 
text, with the first letter capitalized, i.e., Aaa. Standard designations for amino 
acid protecting groups are used. One-letter amino acid abbreviations, with 
capital letters, are used for sequences. Any unnatural amino acids or linkers are 
set off from the sequence with hyphens, to distinguish them from the sequence 
information. Side chain protecting groups at specific positions in the sequence 
are set off with parentheses, as above. When a mutation is specified in 
abbreviated sequence names, it is specified by the one-letter code for the original 
residue, followed by the sequence position number, followed by the new residue, 
i.e., VHP-34 (M12C). 
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Introduction 
Chemical kinetics includes two distinct parts: One is the measurement of the rate 
of a reaction and its dependence on experimental conditions; the second step is to explain 
the effects in terms of a molecular mechanism. Dynamic processes such as energy 
conversion and consumption, molecule biosynthesis, and even evolution permeate all of 
biology. Some of these such as our visual response or the folding of a synthesized 
protein are exceedingly fast even though they represent the consequences of a 
complicated chain of events. The goal of kinetic experiments in general is to measure 
individual rates of these events so that a detailed description of the molecular processes 
can be obtained. 
The most widely used approach for initiating biochemical reactions that occur on 
the sub-minute time scale relies on turbulent mixing to achieve a rapid change in solvent 
conditions or introduction of substrate. Rapid mixing methods allow the use of a wide 
range of solution conditions and detection methods, which is a main reason for its 
popularity. However, the study of many biological events such as muscle contraction and 
neuron excitation are not amenable to this technique due to the specific sample 
preparations necessary. Rapid mixing requires sample species that are freely soluble in 
buffer; this excludes the study of insoluble macromolecular species and whole cells. 
Until recently, experimental studies of this type have been limited to a time resolution of 
approximately 2 to 5 milliseconds. A remarkable feature of many biochemical reactions 
observed by stopped-flow methods is the presence of a submillisecond burst phase. 
Within this short time scale much of the reaction is over. In fact, some enzymes such as 
Superoxide Dismutase catalyze reactions with a rate that is close to the diffusion-
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controlled association rate (109 S-1 M-l).1 The upper limit on the rate constant of 
unirnolecular or intramolecular reaction is the frequency of a molecular vibration, about 
1012 to 1013 S-I. However, the majority of biochemical reactions take place on the 10 1 to 
106 S-1 time scale. The development of new techniques for initiating and follo\\'ing 
reactions on the submillisecond time scale has been developed to probe the fast 
biochemical events. 
To allow for the real-time analysis of fast chemical reactions, chemists have 
developed the technique of flash photolysis. In 1959, Gibson and coworkers used this 
method for the first time to study the dissociation of CO from carboxy-hemoglobin and 
myoglobin, and the subsequent recombination with CO and other ligands.2 Unlike rapid 
mixing and sampling methods, this type of flash photolysis cannot be generally applied to 
reactions because a suitable photo-trigger for the reaction is rarely available. In 1978, 
this was changed by the introduction of using the general procedure of photo labile-caged 
compounds to trigger flash photolysis reactions) In this work Hoffman and coworkers 
used a photoprotecting group to "cage" ATP and GTP (Figure 1). This technique 
involves exposing the sample to a brief flash of light and then monitoring the contents of 
the reaction. Originally discharge lamps were used for flashes with pulses of about 105 s-
1. Today most work is done with lasers that achieve coherent pulses of about 109 S-I, with 
1015 S-1 possible using mode-locking techniques so that, ultimately, the time resolution is 
dictated by the chemical photolysis event. The applicability of this method depends on 
an appropriate chromophore to absorb a photon and keep the system of interest away 
from equilibrium. Any number of physical methods may then be used to follow the 
resulting kinetic events. 
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o 8 8 H + 
HO OH HO OH 
Caged A TP (inactive) ATP (active) Photoproduct 
Figure 1. Nitrobenzyl caged A TP photolysis. 
The advantages of this technique over conventional methods for initiating 
chemical kinetics are substrate release can be controlled both spatial distribution and 
concentration; the photoprotected substrate can be dispersed throughout a biological 
sample for uniform initiation before the molecule elicits its normal molecular action; and 
the temporal release can be varied over a range of second to picosecond time domains by 
first order rates, making it possible to use caged compound to pursue kinetic analysis of 
almost any biochemical process. Disadvantages of this method include the need to 
purchase or synthesize the photoprotected compound, which can be difficult or 
expensive; specialized equipment for fast initiation and observation of the subsequent 
kinetics; and the possibility of interference from resulting photochemistry and side-
products. Despite these disadvantages the method of flash photolysis remains to be one 
of the all around most powerful methods for studying kinetics in biochemical systems. 
Caging Groups 
The usefulness of a photo labile protecting group is determined by several criteria: 
(1) the ease of modification of the functional group; (2) its reactivity towards 
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biomaterials; (3) the efficiency of photoremoval in terms of both the quantum yield and 
rate of photolysis; (4) stability to hydrolysis; (5) excitation above 300nm to avoid 
absorbance competition with the biological molecules; (6) and solubility under the 
conditions of the experiment. These criteria are seldom met in their entirety. Depending 
on the requirements of the application, a suitable compromise can be obtained. The first 
four compound classes listed in Table 1 will be described in this section: 2-nitrobenzyl 
substituents due to their prominence in the field of flash photolysis; benzoin; and N-
hydroxypyridine-2-thione ester groups as they are the caging groups that were used in 
this work. 
Photolysis mechanism Ref # 
NO, R 
eY0 + HX 4, 5 
+HX 8 
Table 1. Photolabile protecting groups that have been used in flash photolysis studies. 
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2-Nitrobenzyl Groups 
By far, the most frequently used caging compounds are substituted 2-nitrobenzyl 
derivatives (Table lA). 2-Nitrobenzyl is a general protecting group for chemical 
funtionalities, such as carboxylic acids, amines, phosphates, aldehydes and alcohols 
(through a carbonate linkage).4 The kinetics and quantum yields for photolysis of 2-
nitrobenzyl esters depend on the compound being caged; typical vales are around ¢= 0.1 
and T]/2 = 10 f.Ls to 100 ms.5 
The substituted derivatives are normally used as caged compounds over the non-
substituted because the photolyses proceed more smoothly with substituted compounds 
and by-products are nitrosoketones rather than the highly reactive 2-nitrobenzaldehyde.3 
a -carboxy-2-nitrobenzyl (CNB) and 1-(2-nitrophenyl)ethyl (NPE) are two commonly 
used versions. In fact over 30 compounds that use these cages are commercially 
available. One of the reasons for the popularity of this caging group is its ease of 
synthesis. This is facilitated by the availability of the starting material 1-(2-
nitrophenyl)diazoethane and related compounds. These diazo compounds react with 
weak acids in mixed solvents to form in high yields compounds that are readily isolated. 
Regardless of their wide availability, ease of manipulation, and general inertness to 
biomaterials, these cages are generally too slow to be used for studying rapid 
biomolecular reaction chemistry «ms). Another drawback is that this group can reduce 
metal centers in proteins instead of undergoing photolysis6 and intermediates involved in 
NPE release have been shown to alter proteins? 
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Benzoin Based 
Sheehan and coworkers showed that O-acetyl-3' ,5' -dimethoxybenzoin (DMB) 
photolyzes "With a concomitant release of acetate, with a rate constant estimated at > 1010 
s-1.8 Subsequent to this work these cages have been reported to photolyze with rates 
exceeding 1010 S-l and quantum yields of 0.67 to give the inert photoproduct 5,7-
dimethoxy-2-phenyl-benzofuran and the caged substrate (Table #lc). Under purely 
aqueous conditions, however, the benzofuran is also produced, but only in about 30% 
overall yield. The remainder of the cage compound is undergoing photo solvolysis to 
produce the free cage molecule. This group has proposed a mechanism that takes this 
new finding into account. The key element of this mechanism is that the first 
intermediate is a biradical that can undergo acetoxy migration, which can then re-
aromatize to give the benzofuran or undergo nucleophilic attack by water to produce the 
free benzoin. When studies are carried out in increasingly aqueous solutions, the free 
base benzoin shows up as a photoproduct. These results show that the benzylic carbon 
must be accessible to nucleophilic attack by water at some point along the photolysis 
pathway. At first, this would seem to disfavor an oxetane 1 intermediate, postulated by 
Sheehan, in preference to intermediates such as the cation 2, proposed by Givens 9 ,10 and 
others11 ,12 for the photolysis of benzoinyl phosphates. However, an argument against 
the direct formation of cation 2 is that such heterolytic cleavage is usually seen for n,n • 
excited states of benzyl esters, not for the benzoyl n,n' excited state that is responsible for 
this particular cyclization.8 A modified version of Sheehan's original mechanism that can 
account for the product photochemistry from the carbonyl n,n' state is proposed as 
follows; instead of the direct formation of the oxetane, the first intermediate is a 
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biradical. 13 This biradical can undergo an acetoxy migration, which can then re-
aromatize to give the benzofuran photoproduct, or can undergo nucleophilic attack by 
water to produce the free base. 
OMe 
1 
OMe 
2 
Figure 2. Possible 
intermediates in the 
benzoin photolysis 
pathway. 
The advantages of D]'yffi esters have led to their use as protecting groups for 
carboxylates, phosphates, and arnines. Pirrung and coworkers extended the methodology 
to derivatize alcohols using a carbonate linkage. I I However, biological applications 
have been limited due to insolubility of the benzoin cages. To make these compounds 
soluble, two negative charges have been introduced to produce 3',5'-
bis( carboxymethoxy)benzoin (BC]'yffi) by this group. 14 
N-hydroxypyridine-2-thione esters 
N-hydroxypyridine-2-thione esters, also called thiohydroxarnic esters, have been 
used extensively as a mild source of carbon-centered radicals that have been trapped in a 
variety of ways for synthetic purposes. The N-hydroxy-2-pyridone group was developed 
by Taylor, used for kinetic studies by Redmond et al. ,I 5 and further developed for 
biochemical kinetic studies by Redmond and Stubbe.16 
The reaction mechanism most likely involves homolytic cleavage of the N-O 
bond, leading to the formation of a 2-pyridylthiyl radical (PyS·) and RCOO· an acyloxy 
radical. When R is an aliphatic molecule, decarboxylation is expected to occur rapidly to 
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give a carbon-centered radical. Initial N-O bond cleavage occurs with a quantum yield of 
approximately 0.5 and delayed consumption of the ground-state ester occurs with a rate 
constant of 3-4 x 109 M-' sol. While this caging strategy allows for the rapid 
decarboxylation of alcohols, a general feature that is unsatisfied by other cages, its use 
has been limited in biological studies due to the highly reactive 2-pyridylthiyl radical. 
4-Hydroxyphenacyl Based Cages 
This caging group stems from methoxyphenacyl work presented by Sheehan and 
Umezawa.17 This carboxyl-photosensitive protecting group is reported to photolyze by 
irradiation of greater than 330 nm. Givens and coworkers reported the use of the p-
hydroxyphenacyl (PHP) group as a phototrigger used to release a variety of biological 
compounds such as ATP, GABA and amino acids. They found that the pHP group was 
transformed via an overall solvolytic rearrangement to give p-hydroxyphenylacetic acid. 
The proposed mechanism for this reaction involves the triplet excited state of the p-HP 
chromophore yielding the free carboxylate and p-hydroxyphenylacetic acid. The 
rearrangement is preceded by an excited state deprotection of the phenolic proton to give 
the triplet phenolate ion; this apparently provides the driving force for the rearrangement. 
An important feature of this mechanism is that the leaving group is lost before 
rearrangement to the cyclo-dienone intermediate. Stem-Volmer analysis suggests rates 
for the release of substrate is in excess of 108 sol. Quantum yields are fairly low with 
values ranging from ¢ = 0.05 to 0.3)8 These photoprotecting groups should see 
increased use due to their ease of synthesis and general stability. 
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Other cages 
The bis(2-niro-4,5-dimethoxyphenyl)methyl group (Table Ie.), which essentially 
incorporates two 2-nitrobenzyl substituents, was found to be the most reactive 
nitrobenzyl based compound for protecting carboxylates. This caging group merits new 
attention when compared with the alternative NB based cages. 5,7-dinitroindolinylarnide 
undergoes photosolvolysis for the release of carboxylates. It has been reported that this 
reaction can be initiated beyond 400 nm and is more photosensitive when compared to 
the dimethoxy nitrobenzyl group. 
The goal of producing photoprotecting groups that photolyze in the visible has 
been on the minds of many chemists. These wavelengths are more convenient optically, 
better able to penetrate biological tissues, less damaging to biological samples, and would 
interfere less with observation of the sample. There are a number of potential 
applications that would become possible if such cages where' readily available such as 
site specific drug release in treating human disease. Unfortunately molecules that are 
sensitive to visible light tend to have more complex, extended chromophores and are 
experimentally more difficult to work with and synthesize. 
Synthesis and Characterization of Caged Compounds 
One difficulty in the synthesis of caged compounds is premature photolysis. 
Often it is necessary to work with these compounds under subdued light. Hydrolysis is 
another difficulty often making purification of the end product challenging, as many of 
the biomolecules to be caged are charged and require aqueous solutions for 
solubilization. Many of the caging compounds described in this chapter are sensitive to 
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strong acids and bases, and oxidizing condition. This results in a narrow set of reaction 
conditions that the compounds must be manipulated under, often requiring non-standard 
mild synthetic conditions. Traditionally benzoin condensation has been carried out by 
the treatment of an aromatic aldehyde with potassium cyanide or sodium cyanide, usually 
in aqueous ethanolic solution. The condensation is greatly affected by the nature of the 
substituents in the aromatic nucleus and many of the substituted benzaldehydes either do 
not react or yield products other than benzoins. In addition, to form a unsymmetrical 
benzoin one aldehyde must contain a relatively unsaturated carbonyl group and the other 
must have a mobile hydrogen. 
In this lab, the synthesis of the benzoin group has been accomplished with 
dithiane protection of the benzoyl carbonyl to circumvent photoylsis during 
manipulation.1 9 Photolysis of the linker is therefore prevented, until this "safety-catch" 
is removed. In theory, these dithianes may be removed under a variety of mild reaction 
conditions, and many compounds may be caged and manipulated without photolysis, 
until the dithiane is removed. However, it has been found that the dithiane reduces the 
cage-substrate coupling efficiency in most cases and upon oxidation results in high yields 
of side products. 
Interest in photochemical switching systems originates not only from the basic 
goal of elucidating complex biological mechanisms but also from the practical 
applications of such caged molecules. The use of protecting groups as a means of 
conducting selective reactions on multifunctional organic compounds has been reviewed 
from a chemical standpoint.4,20 Photosensitive protecting groups provide a general 
route to generate unprotected compound by photochemical liberation. 
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Rates of Photolysis 
Historically photo labile-protecting groups have been used as protecting groups in 
organic synthesis that are removed by light in otherwise mild conditions. Illumination 
was continuous and little insight was gained about the rate of photolysis. Application of 
caged compounds to study biological mechanisms has required knowledge about the 
kinetics of their photolysis. Kinetic rates and mechanisms of photorelease can be 
investigated by flash photolysis experiments. In general reactions that follow the initial 
photochemical excitation are likely to be the rate-limiting step in release of the caged 
compound. A major difficulty of the kinetic experiments aimed at elucidating the 
photolysis mechanism is that often the product of biological interest does not have a 
visible chromophore. Rapid spectroscopic investigations can often be used to observe an 
early charge transfer intermediate; this step is often facilitated by intermediates that 
contain a radical species. The majority of kinetic studies on caged compounds are carried 
out in mixed organic/aqueous solvent systems. Caution needs to be taken when 
extrapolating the values obtained in these studies to aqueous solutions, as the photolysis 
mechanism are often different, as in the case ofDMB. 
Extent of Photolysis 
A critical parameter for a caged compound is its quantum yield, Qp, defined as the 
fraction of molecules of product formed per photon absorbed. This value must be 
measured experimentally for each photochemical reaction. Measurements of Qp can be 
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made by actinometry; often the value is obtained by comparison with compounds of 
knownQp. 
More often the experimentalist needs to know the concentration of compound 
released by a single light pulse. The fraction of caged compound photolysed is an 
empirical parameter that is directly related to Qp, but may be different. The reasons can 
be due to inner-filter effects, and when excitation times are longer than the excited state 
lifetime of the compound such that several excitation events are initiated.21 A critical 
factor relating Qp to the amount of photolysis of a compound is its extinction coefficient 
at the irradiation wavelength. Some have suggested that an absorption of 0.7 by the 
caged compound is optimal as higher would lead to nonuniform photolysis.22 In 
principal, one way to enhance these values, especially compounds that photolyze via the 
triplet state, is by energy transfer through the action of sensitizers)3 A quencher of 
photochemical reactions, dissolved oxygen will bring this value down. 
Caged Substrates 
Attachment of a caging group requires the presence of an appropriate chemical 
functionality in the compound of interest. Phosphates, carboxylates, amines, arnides, 
thiols, and phenols have all been shown to be suitable sites, to a lesser or greater extent, 
for attachment of a photoprotecting group.24,25 Carboxylates and phenols will be 
discussed as the work herein deals primarily with the caging of these two functionalities. 
Chaoter 1: Using Photosensitive Compounds to Cage Biomolecules 14 
Carboxylates 
Although caged carboxylates have been known in the literature for a long time26 
it was only until 1990 that their utility has been used to study rapid biological kinetics.27 
Carboxylates are relatively easy to synthesis when compared to most other chemical 
fimctionalities that have been caged. A common method is through the use of the 
corresponding acid halide. The resulting esters are in most case stable for several days 
but often undergo hydrolysis in aqueous solutions to varying extents. 
Phenols 
Photochemical protection of phenols and alcohols has not been widely 
investigated. Researchers in the carbohydrate field have carried out the photo labile 
protection of alcohols, principally where 2-nitrobenzyl glycosides have been used for 
synthetic applications. 2-Nitrobenzyl carbonates have been used to protect alcohols but 
are readily hydrolyzed in aqueous solutions. In these systems the initial release of the 
carbamic acid is unlikely to be rate limiting. Instead, the slow step is the final 
decarboxylation of the carbamic acid to generate the alcohol, which takes a few 
milliseconds at pH 7.2 and faster at more acidic pH. 
Caged Peptides and Enzymes 
Photocleavable ligands have become an important tool used in enzymology and 
more generally biochemistry. The caging of amino acid side chains within a polypeptide 
backbone has enabled researchers to determine the affinity and selectivity of protein-
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ligand interactions and protein-protein interactions, identify binding sites, and even 
identify the targets of therapeutics. Three different approaches have been utilized: (1) 
photo activation and release of caged ligands; (2) photo activation and release of caged 
proteins; and (3) photoimmobilization of ligands onto surfaces. Introduction of the 
photoreactive group is usually through condensation with a carboxylate to form an ester 
linkage. Difficulty usually arises from the presence of several nucliophilic groups 
present in the molecule to be caged. One strategy for obtaining selectively caged proteins 
or ligands is to cage an introduced cysteine (so that only one is present); the other is the 
' shotgun' approach where the protection reaction is carried out nonspecifically and the 
resulting products are separated to give homogeneous sample (often wishful thinking). 
Developing Photolabile Protecting Groups as Linkers 
The photolabile groups described above have one functional group for attachment 
of the cage to a molecule of interest, rendering them unsuitable for bifunctional linkage. 
The concept of using photolysis to effect cleavage of a compound from another molecule 
is by no means new; the use of a photoprotecting group on a solid support was reported 
over twenty-five years ago.28 Since this time various groups have used photolabile 
groups to selectively release protected peptide fragments from solid supports.29 These 
resins can now be purchased from commercial sources. Additionally, the nitro benzyl 
group has been used to develop a photo cleavable biotin labeling compound for general 
biotin isolation and release of labeled compounds.3 0 The synthesis of a photolabile 
linker based on the BeMB group was accomplished by this group.31 This linker can be 
used to rapidly release two tethered chemical functionalities . The photolysis maximum 
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occurs around 300 nm but extends out to 360 nm, which allows photolysis to proceed 
without competing absorption by biological sample that absorb further to the blue. The 
benzylic hydroxyl of the parent linker was protected with Fmoc so that the 
carboxymethoxy group could be coupled to the N-terminus of a growing peptide chain by 
standard solid phase peptide synthesis (SPPS). It was found that this amide bond 
formation and the following Fmoc removal was facile. However, the following coupling 
of the benzylic hydroxyl group to the carboxyl group of the incoming amino acid was 
difficult at best, resulting in extremely poor coupling efficiencies even with non-branched 
amino acids. This work provides the starting point for using the benzoin cage as a 
photo labile linker. 
Conclusions and Thesis Focus 
Photo labile "caged compounds" are inert precursors of active molecules that are 
modified chemically by the attachment of a photolabile protecting group. These 
compounds can be equilibrated with biological samples. The active parent molecule can 
then be released from its cage by irradiation with a pulse of light in the near ultraviolet. 
The use of short pulses of light produces spatial and temporal quantity-specific jumps in 
concentration. The associated biochemical responses resulting from the release of the 
active molecule can thus be studied in a time frame that is roughly an order of magnitude 
slower than the photolysis event. In the case of benzoin cages, this is in the nanoseconds 
time frame. The general strategy of using photosensitive protecting groups to release the 
active form of biological molecules from an inert precursor is a powerful method for 
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studying biochemical kinetics . This technique eliminates many of the difficulties and 
limitations associated with rapid mixing and other relaxation experiments. 
To understand the mechanism in which ubiquinol oxidation chemistry is linked to 
proton translocation and gating in cytochrome bel, it is essential to know the details of 
the intermolecular electron transfer. Section I starts with an Introduction of the 
cytochrome bel complex, its proposed mechanism and structure in Chapter 2. Chapters 3 
and 4 will describe the synthesis and characterization of two caged ubiquinols that have 
been designed to initiate rapid two-electron transfer into quinol oxidizing enzymes. 
Chapter 5 describes the use of the previously described caged substrates to measure 
specific electron transfer events in the respiratory enzymes cytochrome bCI and 
cytochrome b03. 
Section II of this work will focus on the development of methods for the rapid 
triggering of protein folding using photolabile-protecting groups. Chapter 6 will 
introduce the protein folding problem and relevant current experimental techniques. 
Chapter 7 will describe the use of a photo labile protecting group used to initiate protein 
unfolding in the GCN4-pl coiled-coil polypeptide system. Characterization of the rapid 
unfolding kinetics in this system will also be given. Finally, Chapter 8 will describe the 
incorporation of a photolabile linker into the backbone of a small a-helical protein and 
time resolved studies on the folding of this protein. 
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Section I 
Chapter 2: 
Ubihydroquinone/Cytochrome C Oxidoreductase: 
Mechanism of a Respiratory Enzyme 
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Abstract 
In this work, the mechanism by which complex III accomplishes its role in 
respiration and the structural bases for its action are discussed. The mechanism and 
efficiency of proton translocation are also analyzed in terms of thermodynamics of the 
substrate transformations catalyzed by this enzyme. The first section describes the 
structural details of the complex. The next section addresses our current understanding of 
the energy transducing capabilities of cytochrome bCl , and emphasizes the proposed 
mechanisms in terms of the current structural and biochemical knowledge. 
Introduction 
Adenosine triphosphate (ATP) is the central energy currency for life. The principal 
source of cellular ATP is formed irI the process of oxidative phoshorylation (respiratory 
electron transport) carried out in mitochondria. Mitochondria are present in all organisms 
that have differentiated cells (eukareotes). They are small (l)..lm) membrane-surrounded 
structures in which oxidative metabolism occurs. The enzymes of this respiratory chain 
serve as proton pumps, usirIg the energy made available from metabolic processes to 
transport protons across the inner mitochondrial membrane creating an electrochemical 
gradient used for the production of ATP. This process of cellular respiration is 
remarkably efficient providing roughly 20 molecules of ATP for every molecule of glucose 
and 84 ATP molecules for every molecule of the fatty acid palmitate. 1 ,2 
Figure 1 summarizes the state of our structural understandirIg of the components 
of the oxidative phoshorylation chain. This respiratory cham of enzymes consists of 
NADH:ubiquinone oxidoreductase (complex I), succinate:ubiquinone oxidoreductase 
(Complex II, SQR), ubiquirIone:cytochrome c oxidoreductase (complex III, cytochrome 
bel), cytochrome c 
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oxidase (complex IV, cytochrome oxidase), and ATP synthase (Complex V, FIFO-
ATPase). Recently, X-ray crystal structures have been reported for part or all of the 
complexes II-v.3-6 The complex I structure from bovine mitochondria has been solved to 
22 A resolution by electron microscopy. 7 
Complexes I, III, and IV serve as proton pumps, using the energy of electron 
transfers to perfonn the mechanical work of translocating protons from the matrix to the 
cytosol of the mitochondria to produce and sustain an electrochemical gradient across the 
inner membrane. Complex V (ATP synthase) uses the free energy released from the flow 
of protons back to the matrix in order to perfonn the chemical work of producing ATP 
from ADP and inorganic phosphate. This system captures the free energy available from 
substrate oxidation so that it may later be applied to the synthesis of ATP. 
Ubiquinone - also referred to as coenzyme Q 
is a lipid-soluble substrate for complex III. It is a 
benzoquinone with four substituents, one is a long 
hydrophobic side chain made up of 10 repeating 
isoprenoid units. Ubiquinone has three oxidation 
states: oxidized Q, a partially reduced semiquinone 
free radical, and fully reduced QH2, called ubiquinol 
(Figure 2). Ubiquinol is the natural substrate for 
complex III, supplying all electrons, and protons that 
are released to the cytosol. 
Complex III (formally known as 
Ubihydroquinone:cytochrome c oxidoreductase) IS 
o 
MeO~CH3 
MeoVR 
o. 
~r -e 
o 
Meoq,-,,:: CH3 
MeO ~ R 
o 
Ubiquinonol (QH2) 
Semiquinone 
anion 
Ubiquinone (Q) 
Figure 2. Oxidation of ubiquinol to 
ubiquinnone by two successive one-
electron transfers. 
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an integral membrane protein that forms the middle part of the respiratory chain in 
eukaryotes and many prokaryotes. Cytochrome bc] was discovered and first purified from 
bovine heart mitochondlia in 1961.8 Although considerable progress has been made into 
understanding its function, the exact mechanism of proton pumping has eluded researchers. 
The enzyme transfers electrons form ubiquinol (QH2) to cytochrome c and links this 
electron transfer (ET) to the establishment of a proton gradient across the inner 
mitochondrial or bacterial plasma membrane. Cytochrome bc] thus contributes to the 
electrochemical proton gradient that drives adenosine triphosphate (ATP) synthesis.9,10 
The reaction catalyzed by the bc] complex is described by the equation 1, in which the 
subscripts "i" and "0" designate the inner (negative) and outer (positive) sides of the 
membrane, respectively. 
QH2 + 2 cyt cox + 2 H\ ~ Q + 2 cyt Cred + 4 Fa (1) 
The bc] complex is a member of the 
bc-type complex family, that includes the bl 
cytochromes that are found in chloroplasts 
and in bacteria. All bc] complexes contain 
four redox prosthetic groups: a cytochrome 
b562 and b566 , cytochrome c] , and a high 
potential iron-sulfur cluster. The 
mammalian enzyme is an integral 
membrane protein that is composed of 
eleven protein subunits, three of which are 
associated with the four-redox centers. ll 
., 'r 
~bL 
~ 
~. 
Figure 3. Schematic of the cytochrome 
he; c.nmnlex_ with renox center::. shown. 
The other eight subunits are not essential for catalysis in bacteria where only the three-
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redox subunits are present.9 The subunits are listed in Table 1 along with their amino acid 
count and molecular weight. 
Table 1. The Proteins of Complex III (bovine). 
Subunit A. A. Residues M.W. 
1 Core 1 446 49132 
2 Core 2 439 46471 
3 Cytochrome b 379 42592 
4 Cytochrome C1 241 27288 
5 Rieske Fe-S 196 21611 
6 13.4 kDa 110 13347 
7 "O-Binding" 81 9590 
8 c1 hinge 78 9170 
9 Fe-S 78 7956 
pre sequence 
10 c1 assoc. 62 7198 
11 6.4 kDa 56 6363 
Apo-bc1 complex 2166 240718 
Fe2S2 76 
Heme C1 616 
heme bH 616 
heme bL 616 
Prosthetic groups 2024 
Holo-bc1 complex 2166 242,742 
Structural Insights 
A detailed understanding of the catalytic mechanism of this enzyme 
requires a structural context. Recently several X-ray crystallographic studies have been 
published of the bCI structure. The four main structures are summarized in Table 2. 
Analysis of enzymes from different species, with the use of inhibitors, has revealed a set of 
conformational states. The structural information concerning the enzyme has been 
consistent between the different structures with the exception of iron-sulfur protein 
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Table 2. Crystallographic information. 
PDB Entry lQCR IBCC lBE3 lBGY 
Reference Science 287, 60 Nature 392, 677 Science 281,64 (1997) (1998) (1998) 
Protein Source Beef heart Chicken heart Beef heart 
Resolution 2.7 3.16 3.0 3.0 
C for all 11 chains, Full model for all 11 Model Contains: (C-term for Cyt cl) Full model for 9 unit F e2S2, 3 hemes Fe2S2, 1 heme 
R-free 0.37 
I 
I 0.31 0.32 0.36 
Space Group 14122 P212121 P6522 P65 
location and the inhibitor binding sites, and thus the consensus structure 'will be described 
except when necessary. 
The crystal structure shows that the complex resides as a symmetric homo-dimmer, 
in which the closely interacting monomers form two clefts through which the quinol 
binding pockets can be accessed. The long axis of the protein is approximately 150 A, 
with 35 A extended in the cytoplasmic space, 75 A in the matrix space, and 40 A inner in 
the mitochondrial membrane. The region in the matrix side consists primarily of core 
subunit 1 and 2, subunits 6 and 9, and part of subunit 7. Cytochrome b, CI, the iron-sulfur 
protein, and subunits 7, 10, 11 are localized in the membrane. Subunit 8 lies solely on the 
cytoplasmic side along with the functional regions of Cy10chrome c1, and the iron-sulfur 
protein. 
The positions of the redox centers within the bC1 complex and the binding sites of 
several respiratory inhibitors have been identified. Cytochrome b is a transmembrane 
protein in which the two b heme groups form an electrical circuit between the two-
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Figure 4. Structural model of the dimeric cytochrome bcl complex with polypeptide chains 
drawn as ribbons. The structure to the right has been rotated by 90 degrees. The top of the 
structure is in the mitochondrial intermembrane space (positive or outer side), the middle is 
spanning the membrane bilayer, and the bottom is in the matrix (negative or inner side). Figure 
ubiquinol/ubiquinone binding . sites that are on each side of the membrane. The low 
potential b heme (bL , or bs66 ) lies near the positive side of the membrane, and the high 
potential heme (bH , or bs62 ) lies near the center of the membrane. The iron-sulfur protein 
(ISP) is anchored to the complex by a membrane spanning hydrophobic helix at the amino 
terminus of the protein. 12 Cytochrome C1 is anchored to the membrane by a hydrophobic 
helix at its C-terminus, and the domain of the protein that contains the heme is accessible, 
where it reacts with cytochrome c. 
An implication of dimer association in the bC1 complex is the formation of two 
cavities (figure 5). The membrane-spanning region of each monomer in bovine structure 
consists of 13 transmembrane helices. Of the 13, 8 belong to cyt b; of the other 5, 1 is the 
C-terminal membrane anchor of cyt Ct, one is the N-terminal membrane anchor of the ISP, 
1 is the C-terminal helix of subunit 7, and the other is from subunit 10. The 
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Figure 5, Ribbon diagram of the bovine structure; the ISP has been removed for the sake of clarity, 
The arrangement of the transmembrane helixes of the bc, dimer. A) Helixes on the outer (positive 
side of the membrane B) Helixes on the inner (negative) side of the membrane, Figure from ref. 3, 
cavities are made by helices D, C, F from one cyt b monomer and D', E ', A', cyt CI , ISP, 
and subunit 10 from the other monomer, The Qi pocket of one monomer and the Qo pocket 
of the other monomer are accessible through the same cavity, Thus it has been proposed 
that quinone formed at the Qi site can proceed to the Qo site of the other monomer without 
leaving the bCI complex. The cavities appear tightly sealed toward the intermembrane 
space, but are solvent-accessible from the matrix side. This arrangement would allow 
proton uptake at the Qi site from the matrix and prevent leakage of protons through the bCI 
complex, Unlike the Qi site in this model, the Qo site is not in direct contact with either the 
bL heme or the Fe-S cluster; instead aromatic residues that surround it most likely mediate 
the electron transfer. 
Eight transmembrane helicies (A-H), connected by loop regions, compose subunit 
3 and contain the two b hemes. Both b-hemes are attached to a four helix bundle made up 
of helicies A-D, The close proximity of heme edges (8.2 A) allows for efficient electron 
transfer between the two hemes. The Qi binding pocket has been identified by structures in 
the presence and absence of the N-center inhibitor antimycin, Residues from helicies A, 
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D, E, and a short helix near the N-terminus of the peptide chain form this binding pocket. 
Electron density for the inhibitor antimycin suggests that the Qi site is 4 A away from the 
bH heme. The Qo binding site was identified with myxothiazol inhibitor and is 8 A away 
from the bLheme. Myxothiazol binds to the Qo site of the bc1 complex and blocks electron 
transfer to both the ISP and b hemes. The binding site is surrounded by helices C, F, and 
ef, and the head group of myxothiazol resides in a hydrophobic pocket. A Tyrosine is 
between these two groups and may mediate the electron transfer from the semiquinone to 
the heme. Next to this binding site there is a hydrophobic channel that reaches the surface 
of the intermembrane space. This proposed pocket is a possible site for direct hydrogen 
bonding between the ubiquinol and iron-sulfur protein. 
The locations of the redox centers in these structures are in good agreement with 
predicted distances based on EPR studie, and crystallographic data. However, the distance 
of 31 A between the F e-S cluster and the C1 heme iron in the original structure (1 QCR) is 
longer than expected by the observed electron transfer rate. Deisenhofer and coworkers 
propose a protein bridge between the two centers or a major conformational change to 
facilitate this electron transfer. As the following structures were solved, it was revealed 
that the extrarnembranous domain of the iron-sulfur protein could adopt a range of 
conformations, supporting that domain movement is an integral part of the reaction 
mechanism. The Fe2S2 center appears to undergo a rotational displacement of 570 (65 0 in 
the hexagonal crystals), resulting in a range of motion of approximately 16 A (21 A in 
H~N 0 
MeO //. S I ~,l ~~.1 
"" N N l~~' 
OMe 
Figure 6. Qo site inhibitors rnyxohtiazol (left) and stigrnatellin (right). 
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the hexagonal crystals). The movement is from a position close to cyt Cl in the myxohtiazol 
structure to a hypothetical docking interface on cyt b in the structure that contains 
stigmatellin. The rotational motion co=ecting the observed forms is made possible by a 
flexible linker consisting of residues 67-73 in the ISP. In the absence of inhibitors, the 
iron-sulfur center is adjacent to the Cl heme, which is hydrogen bonded to His161 by 
propionate on the Cl heme. The distance between the iron-sufur cluster and the bL heme is 
34 A, and the distance to the c heme from the iron-sulfur cluster is 21 A. Thus it is 
believed that this domain movement gates electron transfer by making the potentially 
favorable second electron transfer to the ISP impossible due to its inaccessibility (34 A is 
too long of a distance for efficient electronic coupling). This possible mechanism for 
gating the electron-transfer events is in contrast to the more solid-state picture that is seen 
in most redox proteins13 In addition to the two positions seen in the described crystal 
structures for the ISP, there is a structure that shows its position intermediate between the 
Cl and heme b subunits. In crystals with the Qo site inhibitor UHDBT, there is occupation 
of this inhibitor intermediate between that of stigmatellin and myxothiazole, with a weak 
interaction with the ISP) Iwata and coworkers have proposed that this is a relevant state 
in the gating mechanism. The dimeric structure appears to make this feature of the 
mechanism possible as the ISP from one monomer interacts with the cytochrome Cl of the 
other monomer and is anchored by the cytochrome b proteins of each dimmer. 
The Qo site appears to have two binding modes, one distal and one proximal to the 
heme bL . From these pockets there is a cha=el that extends to the lipid phase making 
ubiquinoVubiquinone exchange possible. In the structures with the ISP located near the 
cytochrome b protein, the distal site opens to the ISP interface making ubiquinoVISP 
contact possible)4,15 The interface between these two proteins is conserved and tight 
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packing results upon association. Sequence analysis and mutagenesis studies support these 
fmdings.1 6 
Cytochrome C1 is an extramembranous domain on the cytoplasmic side of the 
membrane with a single transmembrane helix that anchors the subunit to the membrane. It 
is an all-helical protein that resembles other members of the cytochrome family. One 
methyl group on the porphyrin ring is solvent-exposed, likely near the binding site for 
cytochrome c, while one of the propionate groups of the heme extends toward the iron-
sulfur protein. The most likely binding site for cytochrome c is composed of 10 acidic 
residues that point into the intermembrane space and surround the heme c 1.17 
The Q-cycle Mechanism 
Electron transfer through cytochrome bc1 is coupled to transmembrane proton 
translocation with a stoichiometry of W /e- = 2 and to the translocation of a single positive 
charge (ie, q+/e- = 1 ).1 8 The mechanisms of electron transfer and proton translocation by 
cytochrome bc] are currently under debate. The most widely accepted and longest standing 
mechanism is known as the Q-cycle, which was originally proposed by Mitchell. 19 The 
cycle diagrammed in Figure 7, takes advantage of the fact that ubiquinol is a two-electron 
reductant, but is oxidized in one-electron steps. In general, cytochrome bC1 can be thought 
of as a system of one high potential and one low-potential redox pathway20 The high 
potential pathway is composed of the Fe-S protein (Em) = 300 mY) and cytochrome c] 
(Em,7 = 250 mY), and the low potential pathway of cytochrome bS66 (Em,7 = -50 mV ) and 
cytochrome bS62 (Em,7 = 50 mY). Ubiquinol donates one electron to the Fe2S2 protein that is 
then passed onto cytochrome cl. The next electron takes the low potential path to a 
quinone that is bound on the positive side of the membrane, creating a stabilized 
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semiquinone. According to the Q-cycle (figure 1.2), the withdrawal of one electron from 
QH2 from the Qo site is accompanied by vectorial release of two protons and the formation 
of a ubisemiquinone anion, a powerful reductant for the low-potential centers. The cycle is 
completed when the above steps are repeated. This time, as the second electron is passed 
down the low potential path, the semiquinone becomes reduced to a quinol, concomitantly 
taking two protons up from the matrix side of the membrane. 
During one complete Q-
cycle, two molecules of ubiquinol 
are oxidized to ubiquinones, but 
one molecule of ubiquinone is 
reduced in two steps to ubiquinol. 
The iron-sulfur protein, cytochrome 
c] , and the two b hemes are reduced 
and reoxidized twice. The reduction 
Figure 7. The Q-cycle model; the quinol at the Qi sit 
becomes a seiquinone in ·the first half of the Q-cycle 
and then becomes a quinone durning the second half. 
of quinol at the Qo site is identical, as far as we know, in the first and second half of the Q-
cycle. However, at the Qi site heme bH reduces ubiquinone to ubi semiquinone during the 
first half of the Q cycle and reduces this semiquinone to ubiquinol during the second half 
of the cycle. The branched electron transfer of the Q-cycle doubles the efficiency of 
proton translocation mediated by this enzyme. This efficiency of proton pumping is made 
possible by bifurcation of the electron transfer with the second electron going to the high 
potential b heme pathway. 
One experiment that led to the formulation of the Q-cycle model observed 
mitochondria slowly respiring in the presence of limited oxygen, that exhibited a 
transiently reduced cytochrome b when pulsed with oxygen. Furthermore, this reduction of 
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cytochrome b was magnified if antimycin (which is known to block the Qi site) was 
present. These somewhat paradoxical observations can be explained by the Q-cycle as 
follows: Providing a pulse of oxygen to oxygen-deprived mitochondria will oxidize the c 
cytochromes and the Fe-S protein, but as QH2 becomes oxidized, it is converted to the 
semiquinone (Q.-) and donates electrons to cyt b, at least transiently. Thus, the pulse of 
oxygen must ultimately lead to a reduction of the b-hemes. In the presence of antimycin 
the electrons can go no further than the hemes ofb cytochrome. 
Over the past several years there has been experimental evidence that could not be 
explained by the Q-cycle mechanism, and as a result several groups have proposed 
modified Q-cycle mechanisms. In particular, the Q-cycle does not explain why the second 
electron from semiquinone at the Qo site does not reduce the ISP even under conditions 
that block the b-heme pathway. The delivery of the two electrons to separate pathways 
occurs despite a strong thermodynamic potential favoring the delivery of both electrons to 
the high potential pathway. This long-standing paradox has become to be known as the 
mandatory bifurcation of electron transfer at the Qo site. 
Based on EPR spectral changes upon ambient redox potential and extent of quinone 
extraction, Ding et al. have proposed a double occupancy model in which the Qo site is 
simultaneously occupied by two quinols.21 The first binds strongly and the second 
weakly, and it is this weakly bound ubiquinol that is exchanged during catalytic turnover. 
This model has been used to explain the apparent observation that electrons do not "leak" 
rapidly from the semiquinone to the ISP, when the low potential pathway is blocked. 
However, there are a few problems with this model, principally being that numerous 
binding studies have shown that occupation of the Qo site by inhibitors and substrate is 
mutually exclusive.22 Since 1961 there has been several other "alternative" models that 
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have been successfully refuted by the bCl community, including a B-cycle mechanism, a 
semiquinone flip-flop mechanism and several others.8,23,24 
It was also found that in structures with the inhibitors bound, stigmatellin and 
myxothiazol occupy different domains within the Qo binding pocket. This observation 
could be interpreted in one of three ways : (i) these inhibitors are sufficiently different from 
the physiological substrate that one or both of them do not bind to the exact Qo site. (ii) 
There is double occupancy of the Qo site as proposed by Ding. (iii) There are two sites, one 
for the initial binding of quinol and then the second that would have a higher affinity for 
the semiquinone. Using the third of these explanations, the apparent observation of ISP 
subunit movement, and mutagenesis information,25,26 Berry and coworkers proposed a 
new modified Q cycle mechanism.14 The novel features are (a) movement of the ISP 
between two separate reaction interfaces; (b) movement of the occupant of the Qo-binding 
pocket between a domain distal from the cyt bL heme, but close to the ISP, and a domain 
proximal to heme bL ; (c) and Tyrosine residue that acts as a "trap-door" that flips to a 
Rieske Fe-S cluster position 
37 ,----------------------------
PSs221 P2, 
• • • P6,;22R 
35 -------e --. ------
.:J 33 
.0 
.. 
E 
~ 31 
B 
tJl 
~ 20 
27 
P6s22 8 • P21212, 
• P6S{lnt.) 
P212121 .. 
Stl9IMlo:<nin 
• 
• 14122 
25 ------ ----_._--,- --
15 17 19 21 23 25 27 29 31 
Fe-S 10 heme Ch A 
I 
i 
I 
1 
33 
Figure 8. Distances 
of the Fe-S center to 
the heme bL and 
heme CI in the 
various crystal 
structures. 
Chapter 2: UbihvdroauinonelCvtochrome C Oxidoreductase: Mechanism ora RespiratorvEnzvme 35 
"closed" position after the semiquinone has moved from its initial binding site within the 
Qo pocket. 
Although the variation in binding sites of the two respiratory inhibitors does not 
give strong evidence for semiquinone movement, this interpretation is not unprecedented. 
Rees and coworkers have shown that Ubiquinol-l moves -4.5 A within the quinol binding 
pocket upon reduction to semiquinone in the bacterial reaction center (Qs site).27 There is 
also strong evidence for complex reorientation of charge transfer complexes in other 
respiratory enzymes. Ullman and Kostic have shown that protein dynamics is most likely 
responsible for gating the electron transfer between plastocyanin and cytochrome f in the 
b6-j complex.28 
Thermodynamics of Redox Linkage 
The reduction potentials of the Fe2S2 center, cytochrome c1 , the heme bL , heme bH 
and the (QIQH2)i couple are approximately 300, 250, -50, 50 and 60-105 mY, respectively, 
at physiological pH. The differential binding of ubiquinone and ubiquinol to the protein 
leads to a "splitting" of the reduction potential of the two one-electron redox couples, 
QIQ'- and Q'-IQH2. The difference between the two potentials is determined by the extent 
to which the protein matrix stabilizes quinone, quinol, and semiquinone. Bifurcation 
indicates a substantial difference in Em(QIQ'-)o and Em(Q'-IQH2)o; it is estimated that this 
difference is approximately 350 m V. The one-electron QIQ' - couple associated with the 
transfer of the fITst electron from ubiquinol will be higher than 60 m V, and as a result the 
second will be much less. Therefore, the apparently unfavorable second electron transfer 
from QH2 at the Qi site to heme bL is actually a thermodynamically reasonable process. In 
addition, destabilization of the ubi semiquinone at the Qi center through protein interactions 
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could increase the driving force for this electron transfer. The result is that the branched 
electron transfer in cytochrome bel is reasonable from a thermodynamic standpoint. 
Mandatory Bifurcation 
If we consider the overall electron transfer and proton translocation of the bCI 
complex, a simple model suggests that the free energy required for pumping protons across 
the membrane is slightly greater than the free energy derived from electron transfer 
through the complex. If we assume that the values are roughly the same within the limits of 
the calculation, the enzyme must be operating close to the minimum free energy required. 
This implies that proton translocation should be a reversible process, yet it is not. I 
Therefore, there must be some mechanism that prevents reversal of the reaction. This 
irreversibility leads to a few notable ideas that may explain the mandatory bifurcation of 
electrons at the Qo site: The first is an allosteric argument in ,"vhich protein dynamics 
prevent back-communication of electrons from cyt Cl to the Qo site (allosterics "gate" the 
electron transfer reaction); the crystal structures of the enzyme have provided information 
as to how protein dynamics accomplish bifurcation. The domain movement of the ISP 
suggests that the second electron transfer from the Qo site is likely more rapid than the 
time required for the ISP to reach cytochrome cl and return to the cyt b docking region. 
Whether this domain movement is purely diffusional vs. energetically tied in to the 
enzyme turnover remains to be seen. It is possible that the reduced ISP is held at the Qi 
center until the semiquinone repositions within the pocket. Another possibility is that 
cytochrome b undergoes structural rearrangement upon reduction/oxidation that affect the 
location of the ISP. A fundamental piece of information that is needed to further 
understand this gating mechanism is the kinetics ofubiquinol oxidation at the Qi site. 
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The second suggestive factor that should be considered is based on kinetics: This 
argument considers the relationship of the two outer sphere electron-transfer events in 
terms of the Marcus theory.20 A semiclassical expression for the rate constant can be 
written in the form 
k = const x exp [-13(d - do)] x exp(-L'l.G'lkT) 
L'l.G' = (A. + L'l.GoiI4A. 
where do is the van der Waals radius (-3 A, the minimal internuclear distance 
defined by repulsion of electron clouds), 13 is the conductivity of the protein matrix through 
which the electron must pass. This electronic coupling parameter modulates the distance 
dependence of electron coupling. The reorganization energy (A.) results from the structural 
changes at the redox site. Alternatively the reorganization energy (A.) can also be associated 
with more general conformational changes of the protein backbone. There are a number of 
factors that could contribute to the bifurcation of the second electron, such as a difference 
in the electron pathway through the protein matrix, electron transfer distances, etc. If the 
ISP does reorient upon the first electron transfer, the A. term and the relative distances (d) 
would be dramatically less for the second ET to the b heme. 
Section I Focus 
In light of the previous discussion, it is apparent that there is a need for the 
determination of accurate kinetic rates of enzymatic turnover events. In the past fifteen 
years, methods for photoinduced, one electron input into proteins has been developed to 
study ET in proteins. To obtain the rates of ET in bCl, a novel approach will be required 
that surpasses the time resolution capabilities of current rapid mixing techniques . A further 
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need is the ability to generate a two electron donating species rapidly and readily_ There is 
no method for photo-initiating a two-electron transfer reaction, to date. 
It is the aim of this research to obtain evidence that leads to a unified mechanism 
for electron transfer and proton translocation in the cytochrome bCI complex. To achieve 
this goal, it will be necessary to measure the individual kinetic steps and the 
thermodynamics of each event involved in enzyme turnover. The first of these goals will 
be pursued with the use of a quinol substrate linked to a photo labile-protecting group. If 
the release of this quinol is fast on the timescale of enzymatic turnover, kinetic resolution 
should be achieved. 
To measure the individual electron transfer events in the bCI complex, transient 
absorption spectroscopy has been employed. By following the spectra of the redox centers 
throughout single turnover, the rate constants for the individual steps can be discerned. 
Specifically, the heme soret bands can be used to monitor the rate of initial reduction, as 
these bands have the highest extinction coefficients. Once the technical details have been 
worked out, the a bands will be examined as these bands have historically yielded the most 
information about the individual heme reduction events (the signals from the individual 
centers can be discerned) . 
The second section describes the design and synthesis of a "caged" substrate to 
resolve the kinetic issues of the redox changes during turnover. The final section reports 
upon the spectroscopic investigations of the chromophoric centers using transient 
absorption spectroscopy. 
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Abstract 
The carbonate ester of N-hydroxypyridine-2-thione and ubiquinol-2 (PTOC-
Q2H2) was synthesized as a photoreleaseable substrate for quinol-oxidizing enzymes. 
Steady-state photolysis of PTOC-Q2H2 in acetonitrile and aqueous detergent solution 
yielded ubiquinone-2, ubiquinol-2, and 2,2'-dithiobispyridine in equimolar amounts. 
Transient absorbance spectroscopy revealed the generation of semiquinone on a 
submicrosecond time scale, with disproportionation of the semiquinone in acetonitrile 
occurring with a second-order rate constant of 2.2 x 108 M-1 s-l. In the presence of the 
hydrogen atom donor 2-mercaptoethanol at 1 M concentration, the semiquinone decayed 
at a rate approximately four times that of the disproportionation reaction. In aqueous 
detergent solution, yield of semiquinone was decreased, but the rate of semiquinone 
decay was greater than that in acetonitrile. Photolysis ofPTOC-Q2H2 in the presence of 
the quinol oxidase cytochrome b03 resulted in electron input to the enzyme, but with a 
sub stoichiometric yield. 
Introduction 
The use of photore1easable protecting groups ("cages") on bioactive molecules 
provides a means for the rapid initiation of bimolecular reaction chemistry in biological 
systems. 1,2 In this approach, the protecting group renders an otherwise biologically 
active molecule inert, so that the molecule can be mixed with an enzyme or other 
biological target molecule without any reaction taking place. Irradiation of the "caged" 
molecule leads to the release of the protecting group, so that the biological substrate is 
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free to react with its target biomolecule. Because the bimolecular chemistry can be 
initiated by a laser pulse, the time frame over which the reaction can be probed is 
determined by the photochemistry leading to the release of substrate. This time frame 
can be much shorter than the time scale of milliseconds associated with stopped-flow and 
other rapid-mixing techniques. For some caged substrates, such as carboxylic acids and 
phosphates derivatized with benzoin moieties,3-6 release of active substrate is essentially 
instantaneous upon irradiation. For alcoholic substrates such as quinols, however, release 
of free substrate has been limited by chemistry that occurs subsequent to photocleavage 
of the cage molecule. When protecting groups such as a-carboxynitrobenzy17 and 3',5'-
bis(carboxymethoxy)benzoin8 are used to derivatize quinols, a carbonate linker is 
required. Upon irradiation, the quinol is released as a carbonate monoester, and the slow 
decarboxylation of this species is rate-limiting in generating free quinol. 
An alternative approach to the photochemical generation of quinol involves the 
photolysis of a precursor molecule to generate free semiquinone, which can then be 
reduced rapidly to a quinol. The use of the photolabile protecting group N-
hydroxypyridine-2-thione makes this approach possible. Esters based on N-
hydroxypyridine-2-thione have been used in the photochemical generation of alkyl 
radicals as well as nitrogen- and oxygen-based radicals.9-16 Herein we report the 
extension of this methodology with the synthesis of the carbonate ester of ubiquinol-2 
and N-hydroxypyridine-2-thione (PTOC-Q2H2, 1). We present the characterization of 
this compound, and demonstrate the release of ubi semiquinone upon photolysis of 
PTOC-Q2H2 in acetonitrile and aqueous detergent solution, the formation of ubiquinol 
by both disproportionation and reduction of semiquinone, and electron transfer from the 
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photogenerated ubiquinol to a quinol-oxidizing enzyme, cytochrome b03 from 
Escherichia coli. 
Results and Discussion 
The synthesis of PTOC-Q2H2 (1) followed standard methodology for the 
synthesis of N-hydroxypyridine-2-thione esters, using a one-pot synthesis. Ubiquinol-2 
was reacted with diphosgene and pyridine in TIiF, and the thallium salt of N-
hydroxypyridine-2-thione was added to generate the carbonate ester. Purification yielded· 
compound 1 as a mixture of two isomers, arising from esterification of the quinol at the 
I-position or at the 4-position of the quinol ring. These two isomers were resolvable by 
chromatography, but their chemical and photophysical properties were sufficiently 
similar that it was deemed unnecessary to separate the two prior to the reactivity studies. 
The synthesis gave an overall yield of 61 %. 
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Figure 1. Proposed photolysis pathway for PTOC-Q2H2· 
Photolysis of PTOC-Q2H2 in either acetonitrile or 100 mM sodium phosphate, 
0.1 % Brij-35 (a non-denaturing detergent used in protein studies), pH 7.4 with a mercury 
arc lamp under anaerobic conditions yielded equimolar amounts of 2,2'-dithiobispyridine, 
ubiquinol-2, and ubiquinone-2, as determined by HPLC analysis. On the basis of the 
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known photochemistry of N-hydroxypyridine-2-thione esters,17,18 the photolysis of 
PTOC-Q2H2 was assumed to follow the sequence diagrammed in Scheme 2. Irradiation 
of PTOC-Q2H2 (1) led to the homolytic cleavage of the N-O bond to yield the 2-
pyridylthiyl radical and the oxygen-based radical 2. Rapid decarboxylation of 2 yielded 
free ubi semiquinone (3), which disproportionated to form quinone (4) and quinol (5). 
The 2-pyridylthiyl radical dimerized to form 2,2'-dithiobispyridine (6) or reacted with 
starting material 1 to make 2,2'-dithiobispyridine and 2. 
Formation and decay of ubisemiquinone in acetonitrile and aqueous detergent 
solution following photolysis of PTOC-Q2H2 were monitored using transient absorption 
spectroscopy. Photolysis was achieved using a 308 nm pulse from a XeCI excimer laser 
with pulse width of 25 ns, and the semiquinone concentration was monitored at 420 nm, 
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Figure 2. (a) Absorption transient following photolysis of 50 flM PTOC-Q2H2 in acetonitrile, 
measured at 420 run, and the fit of the data by a second-order decay model. (b) Absorption 
transient following the photolysis of 50 mM PTOC-Q2H2 in 100 mM sodium phosphate, 0.1% 
Brij-35, pH 7.4. For both traces a single 308 run pulse from a XeCl excimer laser, with a pulse 
energy of2.1 mJ, was used for the photolysis . 
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the Amax for protonated semiquinone. Trace (a) in figure 2 shows an absorption transient 
following the irradiation of 50 flM PTOC-Q2H2 in acetonitrile. An immediate increase 
in absorbance at 420 nm was followed by a decay of the signal on a millisecond time 
scale. The wavelength dependence of this decay over the wavelength range 390 nm to 
500 nm was consistent with the spectrum ofprotonated ubisemiquinone reported by Land 
and Swallow,19 confirming the identity of the species responsible for the signal. A 
kinetic model that assumed only a second-order disproportionation reaction of 
semiquinone fit the transient at 420 nm. The fit, which used an extinction coefficient of 
3000 M-l cm-1 for the semiquinone,19 gave a rate constant of 2.2 x 108 M-l s-1 for 
semiquinone decay. This fit is included in figure 2. The high quality of the fit suggests 
that disproportionation of semiquinone was the dominant if not exclusive decay pathway 
for this species. Trace (b) in figure 2 shows an absorption transient that arose from the 
photolysis of PTOC-Q2H2 in 100 ilLM sodium phosphate, 0.1 % Brij-35, pH 7.4. Both 
the maximum yield of semiquinone and the final concentration of photoproducts were 
significantly lower than those in acetonitrile. A second-order kinetic model did not fit the 
data in a satisfactory fashion, and thus a rate constant was not calculated. Nevertheless, 
formation of the photoproducts was complete within 400 fls . 
In order to measure the extent to which an exogenous one-electron reductant can 
increase the rate of reduction of ubisemiquinone to ubiquinol, the photolysis of PTOC-
Q2H2 was performed in acetonitrile in the presence of varying concentrations of 2-
mercaptoethanol. A thiol was used because thiols have a relatively low S-H bond 
strength (-88.5 kcallmol)20 and have been used previously for the trapping of alkyl 
Chapter 3: Rapid Photochemical Generation of Ubi qui no I Through a Radical Pathway 47 
radicals.2 l -23 . In addition, thiols such as glutathione serve as reductants in biological 
systems. 2-Mercaptoethanol has a high solubility in both acetonitrile and water, and it 
will not perform the two-electron reduction of quinone to quinol in a kinetically facile 
manner. Control experiments on the steady-state photolysis of PTOC-Q2H2 in 
acetonitrile in the presence of2-mercaptoethanol, using a mercury arc lamp, revealed that 
reduction of semiquinone by thiol can compete effectively with the disproportionation of 
semiquinone, leading to a higher yield of quinol (data not shown). Figure 3 shows 
absorption transients that monitored the decay of ubi semiquinone following laser 
photolysis of PTOC-Q2H2 in the presence of different concentrations of 2-
mercaptoethanol. In the absence of thiol, the semiquinone signal decayed cleanly via the 
disproportionation reaction. As the concentration ofthiol was increased, the semiquinone 
decayed more rapidly as a result of the reaction with the thiol. This decay was expected 
to follow a rate law arising from competing frrst- and second-order processes. However, 
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Figure 3. Absorption transients following the photolysis of 50 /-lM PTOC-Q2H2 in acetonitrile in 
the presence of 2-mercaptoethanol. Top~bottom: 0 M, 10 mM, 100 mM, 1M 2-
mercaptoethanol. The lower absorbance with 1M 2-mercaptoethanol arose from a lower yield of 
semiquinone during photolysis. 
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the data were not adequately fit using this model, suggesting more complex kinetics. In 
light of this inability to extract fundamental rate constants from the transient absorption 
data, the time taken for the absorption signal to decay to (lIe) times the amplitude of the 
decay curve was used as an indicator ofreaction rate. Using this criterion, the presence 
of 1M 2-mercaptoethanol resulted in approximately a four-fold increase in the rate of 
semiquinone decay, with a characteristic decay time of approximately 80 !J.S. This time 
scale is more rapid than that of standard turbulent mixing (e.g., stopped-flow) by a factor 
often. 
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Figure 4. (a) Optical difference spectrum from the irradiation of 25 !J.M PTOC-Q2H2 in 
the presence of l.2 !J.M cytochrome b03 in 100 mM sodium phosphate, 0.1 % Brij-35, pH 
7.4 for 20 s using a mercury arc lamp. The solution contained 100 !J.g/mL glucose 
oxidase, 50 !J.g/mL catalase, and 50 mM glucose to scavenge dioxygen from the solution. 
The reaction was performed under an argon atmosphere. (b) Optical difference spectrum 
from the irradiation of l.2 !J.M cytochrome b03 in the absence of PTOC-Q2H2. Other 
reaction conditions are identical to those in (a). 
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Photolysis ofPTOC-Q2H2 was perfonned under strictly anaerobic conditions in 
the presence of cytochrome b03 , a ubiquinol-oxidizing respiratory enzyme from 
Escherichia coli, in order to demonstrate electron transfer from released substrate into the 
enzyme. The results of this experiment are shown in Figure 4. The solid trace (a) shows 
the photolyzed minus unphotolyzed difference spectrum that arose from the steady-state 
irradiation of 25 11M PTOC-Q2H2 for 20 seconds (check) in the presence of 1.2 11M 
enzyme. The peak at 340 nm was characteristic of the photolysis products ofPTOC-
Q2H2 and the spectral features at higher wavelengths showed reduction of cytochiome 
b03 . The difference spectrum revealed the photolysis of 17 11M PTOC-Q2H2 with the 
associated reduction of 0.4 11M heme. Assuming that the heme reduction was indicative 
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Figure 5. Oxidation of ubi semiquinone by the 2-pyridylthiyl radical. 
of full enzyme reduction (five electrons per enzyme molecule), only 6% of the electrons 
available upon photolysis reduced the enzyme. The loss of reducing equivalents likely 
occurred from the reaction of released semiquinone with either lipid molecules or amino 
acid residues on the proteins. 
In order to demonstrate that the enzyme reduction did not arise from direct 
photoreduction, cytochrome b03 was irradiated in the absence of PTOC-Q2H2 under the 
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same conditions as described above. The results of this experiment are shown as the 
dotted trace (b) in figure 4. Photoreduction of 0.06 flM heme was calculated on the basis 
of the difference spectrum in the Soret region, a significantly lower value than was 
observed during the irradiation of enzyme in the presence of caged substrate. Thus, the 
reducing equivalents in the latter reaction arose primarily from the photoreleased 
substrate. 
Following photolysis ofPTOC-Q2H2, the reaction of photogene rated ubiquinol 
with enzyme is a second-order process in the concentration regime studied in this work. 
However, the low yield of ubiquinol in these experiments led to slow kinetics of enzyme 
reduction, such that significant electron transfer to cytochrome b03 was not observed in 
the 100 ms time window of the transient absorbance experiments. 
Conclusions 
The use of N-hydroxypyridine-2-thione as a protecting group for quinols has led 
to a system in which semiquinone can be produced on a submicrosecond time scale, and 
formation of quinol from the semiquinone can occur on a submillisecond time scale, 
almost an order of magnitude more rapidly than reagents can be mixed in traditional rapid 
mixing techniques. As demonstrated with E. coli cytochrome b03, photolysis ofPTOC-
Q2H2 leads to the reduction of enzyme, with the actual reduction rate determined by the 
amount of substrate released in the photolysis reaction. Thus, as long as the biochemical 
system of interest can tolerate the short-term presence of radical species, the radical-
based mechanism for photochemical generation of quinol constitutes a rapid 
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methodology for the initiation of bimolecular chemistry of alcohols in biological systems 
on a submillisecond time scale. 
Experimental Section 
General: Anhydrous THF was prepared by refluxing over sodium and 
benzophenone, and was distilled prior to use. All other solvents were of reagent grade. 
Glassware was oven-dried. The thallium salt of N-hydroxypyridine-2-thione was 
prepared according to the literature procedure.1 8 Synthesis ofubiquinone-2 is described 
elsewhere.24 2-Mercaptoethanol was distilled under argon prior to use. All other 
reagents were from commercial sources and used as received. Type VII glucose oxidase 
from Aspergillus niger and bovine liver catalase were purchased from Sigma. 
Cytochrome b03 from Escherichia coli was prepared as described previously.25 
Synthesis of 1: A solution of ubiquinone-2 (-1.3 g) in 10 ml of diethyl ether was 
treated with an excess of sodium dithionite in 10 ml of water and vortexed for 10 minutes 
under nitrogen gas to give ubiquinol-2. The organic layer was rinsed twice with 8 ml of 
water to remove any remaining reductant, and the solvent was removed under reduced 
pressure overnight. The ubiquinol that resulted (l.25 g, 3.90 mmol) was redissolved in 
dry THF. The reaction mixture was cooled to -78°C and 2.5 M n-butyl lithium in 
hexanes (0.594 mI, 1.48 mmol) was added dropwise. After 30 minutes the temperature 
was adjusted to O°C and diphosgene (0.220 g, 1.11 mmol) was added, followed by the 
slow addition of dry pyridine in THF. After one hour the temperature was again 
decreased to -78°C and the thallium salt of N-hydroxypyridine-2-thione was added (0.486 
g, 1.475 mmol). The extent of reaction was monitored by tIc. Upon completion of the 
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reaction, the reaction mixture was filtered and the solvent was removed under reduced 
pressure. The resulting yellow oil was purified by flash chromatography on a silica 
column using 111 hexane/EtOAc. Yield 440 mg (61 %). Rf = 0.25 (111 hexanelEtOAc). 
IH NMR (CDCI3, 300 MHz) 8 8.363 (m, 1 H), 8 8.204 (1, 1 H), 8 7.354 (t, J = 7.20 Hz, 
1 H), 87.218 (m, 1 H), 8 5.049 (q, J= 5.70 Hz, 2 H), 8 3.914 (s, 3 H), 8 3.857 (s, 3 H), 8 
3.337 (d, J = 6.60 Hz, 2 H), 8 2.074 (m, 7 H), 8 1.747 (s, 3 H), 8 1.637 (s, 3 H), 8 1.565 
. + (s,3 H). HRMS (FAB) m/z (MH ) calcd 474.1950, obsd 474.1938. 
Steady state photolysis: Samples were placed in a quartz cuvette and irradiated 
using an Oriel 66011 Hg vapor arc lamp operating at 450 W and equipped with water-
cooled Schott glass UGll and WG320 filters. The optical absorbance was monitored 
with an HP 8452 diode array spectrophotometer. The photolysis was judged to be 
complete when no further spectral changes occurred upon continuing illumination. 
HPLC analysis was performed using a Shimadzu LC-6A system equipped with a Vydac 
C-18 reverse phase column. 
Laser spectroscopy: The laser setup for transient absorbance spectroscopy has 
been described previously.26 Photolysis was performed with a Lambda-Physik LPX201I 
XeCI excimer laser (308 nm) with pulse energies of 2.0-2.2 m] at the sample. The probe 
beam came from a 75 W xenon arc lamp. When possible, a 385 nm high-pass filter was 
used between the probe lamp and the sample to minimize adventitious photolysis. An 
Instruments SA 1690B double monochromator in conjunction with a photomultiplier tube 
was used for signal detection. 
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Abstract 
In order to probe the reaction chemistry of respiratory quinol-oxidizing enzymes 
on a rapid time scale, a photoreleasable quinol substrate was synthesized by coupling 
decylubiquinol with the water-soluble protecting group 3',5'-bis(carboxymethoxy)benzoin 
(BCMB) through a carbonate linkage. The resulting compound, DQ-BCMB, was highly 
soluble in aqueous detergent solution, and showed no reactivity with quinol-oxidizing 
enzymes prior to photolysis. Upon photolysis in acetonitrile, 5,7-bis(carboxymethoxy)-2-
phenylbenzofuran, carbon dioxide, and decylubiquinol were formed. In aqueous media, 
free 3',5'-bis(carboxymethoxy)benzoin was also produced. Photolysis of DQ-BCMB 
with a 308 nm excimer laser led to the release of the BCMB group in less than 10-6 s. 
Decylubiquinol was released in the form of a carbonate monoester, which decarboxylated 
with an observed fIrst order rate constant of 195-990 s-1, depending on the reaction 
medium. Yields of decylubiquinol as high as 35 JlM per laser pulse were attained 
readily. The solubility, photolysis, and reactivity properties of DQ-BCMB make it a 
useful tool for the photoinitiation of the enzymatic reactions of decylubiquinol on a time 
scale as fast or faster than traditional rapid mixing or other photolysis reactions. This 
work suggests that the use of BCMB as a photo labile protecting group for enzyme 
substrates can be applied to the study of many other biological systems as well. 
Introduction 
Respiratory chains in most aerobic organisms include enzymes that catalyze the 
oxidation of quinols, using the energy from this oxidation to promote the generation of an 
electrochemical gradient across the cytoplasmic or mitochondrial membrane in order to 
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produce ATP [1]. The complexity of these quinol-oxidizing enzymes makes study of the 
proton translocation apparatus difficult. The electron input from quinol to the enzyme 
plays a substantial role in enzyme function, and yet this · reaction is difficult to study 
under single-turnover conditions on account of the rapidity of the electron transfer. 
While in principle the rate of quinol oxidation by these enzymes can be determined at 
low substrate concentrations on account of the second-order kinetic process involved, a 
thorough understanding of electron transfer through the enzymes requires that the time 
scale for substrate oxidation be comparable to or more rapid than that of subsequent 
electron transfers through the enzyme, and thus that the substrate concentration be 
sufficiently high. The time frame of traditional rapid-mixing techniques is limited by the 
mixing time of the reagents, with dead times typically on the order of milliseconds. 
While inroads are being made into submillisecond rapid mixing techniques [2] , an 
alternative method for the rapid initiation of reaction chemistry is through the use of 
substrates that contain photolabile protecting groups ("cages"). By removing a 
photolabile protecting group with a laser pulse, reaction chemistry can be initiated on a 
time scale dictated by the rate of the photolysis reaction, which can be much more rapid 
than the mixing of reagents through turbulent flow. The use of such photoreleasable 
substrates in the study of biological systems has been reviewed elsewhere [3 , 4]. 
Our interest in quinol-oxidizing enzymes led us to explore the possibility of using 
photoreleasable substrates to probe the reaction chemistry of these enzymes. We chose 
an approach based on the use of the 3'-5'-dimethoxybenzoin (DMB) moiety as a 
protecting group. In early work by Sheehan and coworkers, O-acetyl-3 ',5'-
dimethoxybenzoin was shown to photolyze with the concomitant release of acetate, vvith 
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a rate constant estimated at > 1 010 s-1 [5]. Pirrung and coworkers extended the 
methodology to derivatize alcohols using a carbonate linkage [6]. The rapid photolysis 
rate and a facile synthesis of the DMB group made its use desirable. In prior work from 
this laboratory, a ubiquinol-2 substrate derivatized with the 3',5'-dimethoxybenzoin group 
was synthesized and studied [7] . However, poor solubility of the caged ubiquinol in 
aqueous media prevented full characterization of the compound and precluded its use in 
enzymatic reactions. 
Recent work in our laboratory has led to the development of a derivative of the 
3',5'-dimethoxybenzoin group in which the water solubility is dramatically increased by 
replacing the methoxy groups with carboxymethoxy groups [8]. This new protecting 
group, 3',5'-bis(carboxymethoxy)benzoin (BCMB), has the potential to allow the water-
solubility of otherwise insoluble substrates. In this work we present the synthesis of a 
water-soluble caged decylubiquinol based on the BCMB protecting group (hereafter 
referred to as DQ-BCMB), characterization of its reactivity and photolysis properties, and 
an evaluation of the compound as a potential substrate for studying the reaction of 
ubiquinol with respiratory enzymes. The use of DQ-BCMB in the study of two 
respiratory enzymes, mitochondrial cytochrome bCI and Escherichia coli cytochrome 
bo3, is presented in the following chapter. 
Materials and Methods 
I. General 
Anhydrous THF was distilled from sodium!benzophenone ketyl pnor to use. 
Anhydrous acetonitrile and methylene chloride were purchased from Aldrich. All other 
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solvents were of reagent grade. Decylubiquinone was purchased from Sigma and 
purified by reverse phase HPLC to greater than 99% purity. The synthesis of the water-
soluble BCMB cage is reported elsewhere [8]. 
2. Synthesis ofSilyZated Decylubiquinol (1) 
A solution of decylubiquinone (0.30 g, 0.93 mmol) was placed into a solution of 
ether/water (111) and excess sodium dithionite was added. The reaction vessel was 
capped and purged with argon. After five minutes of vigorous mixing, the solution 
became clear. The organic layer was filtered through a small plug of MgS04 and 
transferred to a stoppered round bottom flask. Solvent was removed in vacuo and the 
nearly colorless oil was redissolved in dry acetonitrile and purged with dry argon. The 
flask was charged with a stir bar and 86 ilL of triethylamine (0.76 mmol). 
Chlorotriethylsilane (0.093 g, 0.90 mmol) in acetonitrile was added dropwise using a 
syringe pump over a four hour period. The solvent was removed under reduced pressure 
and the resultant oil was purified by flash chromatography using 911 hexanelEtOAc. 
Isomeric resolution was achieved under these conditions. The product was isolated as a 
clear oil. Yield 0.28 g (71 %). IH NMR (CDC13) (, 5.370 (s, 1 H), (, 3.887 (s, 3 H) , (, 
3.762 (s, 3 H), (, 2.569 (t, J = 8.4 Hz, 2 H), I) 2.107 (s, 3 H), I) l.442 (m,4 H), I) 1.256 (m, 
11 H), I) 0.950 (t, J = 7.8 Hz, 9 H), I) 0.874 (t, J = 6.9 Hz, 4 H), I) 0.743 (q, J = 8.1,8.7 Hz, 
6 H). 
3. Synthesis of Bis(2-nitrophenyl)carbonate (2) 
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A round bottom flask equipped with a stir bar was charged with 2-nitrophenol 
(13.91 g, 100 mmol), 250 mL of dry methylene chloride, and phosgene (6.43 g, 21.7 
mmol) at room temperature under dry argon. To this solution 14.03 ml of triethylamine 
was added. The solution was allowed to stir for 4 hours at room temperature and the 
solvent was removed under reduced pressure to give an off-white solid. Recrystallization 
was performed with ethyl acetate/petroleum ether to give white, flat crystals. Yield: 
1 14.50g (94%). H NMR (CDCI3) 8 8.191 (dd, J = 6.60 Hz, 1.60 Hz, 2H), 8 7.762 (t, J = 
5.93, 2H), 8 7.519 (m, 4H). 
4. Synthesis of Carbonate Ester of2-Nitrophenol and Silylated Decylubiquinol (3) 
A solution of 1 (0.235 g, 0.52 mmol) and 2 (0.264 g, 0.85 mmol) was prepared in 
100rn! dry methylene chloride under dry argon. To this solution was added 6.4 mg of 4-
(dimethylamino)pyridine (DMAP) (0.052 mmol) in 10ml of dry methylene chloride 
under argon. The reaction was allowed to run for 18 hours. The reaction mixture was 
poured into 25 ml of 0.1 M HCI and extracted with 2x50 rnl of methylene chloride. The 
organic phases were combined and filtered through a plug of MgS04 and the solvent was 
removed under reduced pressure. The resulting oil was purified by flash chrom.atography 
using 411 hexanelEtOAc. Yield 2.10g (92%). Rf= 0.33 (411 hexanelEtOAc); IH NMR 
(CDCI3) 8 8.219 (dd, J = 1.5, 6.0 Hz, 1 H) 8 7.697 (t, J = 7.8 Hz, 1 H), 8 7.439 (t, J = 
6.0 Hz, 2 H), 8 3.911 (s, 3 H), 8 3.776 (s, 3 H), 8 2.623 (t, J= 8.2 Hz, 2 H), 82.143 (s, 3 
H), 8 1.417 (m, 4 H), 8 1.253 (m, 11 H), 8 0.956 (t, J = 7.8 Hz, 9 H), 8 0.865 (t, J = 6.8 
Hz, 4 H), 8 0.763 (q, J= 8.1 , 8.7 Hz, 6 H). 
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5. Carbonate Ester of Protected BCMB and Silylated Decylubiquinol (5) 
A round bottom flask was charged with 3 (280 mg, 0.461) and tert-butyl-
protected BCMB 4 ( 237 mg, 0.55 mmol) in 30 ml of dry methylene chloride. To this 
solution was added a solution of 0.43 mg ofDMAP in dry CH2Cl2 via syringe pump over 
8 hours. The reaction was kept at room temperature, under argon, and allowed to run for 
48 hours. The product was purified by flash chromatography using 911 hexanelEtOAc. 
Yield 310 mg (73%). Rf= 0.40 (411 hexanelEtOAc). 1H NMR (CDCI3) (5 7.912 (d, J= 
7.20 Hz, 2 H), (5 7.509 (t, J = 8.7 Hz, 1 H), I) 7.383 (t, J = 7.20 Hz, 2 H), (5 6.711 (d, J = 
5.40 Hz, 2 H), (5 6.686 (s, 1 H), (5 6.466 (t, J= 2.10 Hz, 2 H), I) 4.462 (s, 4 H), I) 3.786 (s, 
3 H), (5 3.744 (s, 3 H), (5 2.524 (m, 2 H), (5 2.106 (s, 3 H), (51.473 (s, 18 H) (5 1.367 (m, 4 
H), (5 1.249 (m, 11 H), (5 0.942 (t, J = 8.4 Hz, 9 H) (5 0.870 (t, 4 H), (5 0.729 (q, J = 8.1 , 8.7 
Hz, 6 H). 
6. Synthesis of Carbonate Ester ofDecylubiquinol and 3:5'-Bis(carboxymethoxy)benzoin 
(DQ-BCMB, 6) 
To a round bottom flask containing 25 mL neat trifluoroacetic acid (TFA) in an 
ice bath was added 280 mg of 5. Under stirring ~0.1 ml of water was added to the 
reaction mixture. After one hour the reaction was frozen with liquid N2, and the solvent 
removed under reduced pressure for 24 hours. Final purification was achieved using 
reverse-phase HPLC, using a gradient of 75%-100% MeCN in water with 0.1% TFA 
over 30 minutes. Upon removal of solvent, the product was isolated as a white powder. 
Yield 195 mg (91 %). Rf = 0.05 (211 hexanelEtOAc); 1H NMR (acetone-d6) I) 8.086 (dd, 
J = 8.l0, 0.90 Hz, 2 H), I) 7.604 (t, J = 6.30 Hz, 1 H), I) 7.487 (t, J = 7.50 Hz, 2 H), I) 
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7.004 (s, 1 H), 0 6.887 (d, J= 1.50 Hz, 2 H), 0 6.585 (t, J= 2.40 Hz, 2 H), 0 4.726 (s, 4 
H), 0 3.781 (s, 6 H), 0 2.557 (m, 2 H), 02.134 (s, 3 H), 0 1.434 (m, 4 H), 0 1.278 (m, 11 
H), 0 0.859 (m, 4 H). 13C NMR (acetone-d6) 0 193.194, 169.230, 160.l73, 146.897, 
135.025, 134.090, 129.802, 129.204,129.157, 108.730, 102.660,80.708,65.180,60.612, 
60.488, 32.190, 27.089, 22.856, 13.880, 11.050. MS (F AB) m/z calcd 975.0969 
(M+H+ +2Cs +), found 975.0942. The compound was was stored in DMF at -80°C prior 
to use. 
7. Steady-state photolysis 
Samples were prepared in a quartz cuvette and irradiated with an Oriel 6601 1 Hg 
vapor arc lamp operating at 450 W and filtered through water-cooled Schott glass type 
UGlI and WG320 filters. A stock solution of 6 was added to acetonitrile; 100 mM 
sodium phosphate buffer, pH 7.40; or 100 mM sodium phosphate buffer, O.l % n-
dodecyl-~-D-maltoside (DDM), pH 7.40 to yield a final concentration of 50 JlM. The 
optical absorption was monitored with an HP 8452 diode array spectrophotometer. 
Photolysis was judged to be complete when no spectral changes occurred upon further 
illumination. HPLC analysis was performed using a Shimadzu LC-6A system equipped 
with a Vydac C-18 reverse-phase column. Analytical runs were performed with 0-100% 
MeCN in water with 0.1 % TF A over 30 minutes. 
8. Laser spectroscopy 
A complete description of the laser setup for photolysis experiments is given 
elsewhere [9]. The photolysis was initiated by a 308 nrn laser pulse from a Lambda 
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Physik LPX201I XeCI excimer laser, and the transient absorption was measured at the 
appropriate wavelength. 
9. pH dependence of decarboxylation of the carbonate monoester of decylubiquinol 
Aqueous solutions containing 30 ~M DQ-BCMB and pH indicator dye were 
subject to laser photolysis under the conditions given above. Reactions were performed 
both in the presence and absence of 0.1 % DDM. The indicator dyes used, along with the 
observation wavelength for pH change in water and 0.1 % DDM, respectively, were as 
follows: bromphenol blue (PKa = 4.0, A = 590,596 nm); bromcresol green (PKa = 4.7, A 
= 610, 616 nm); methyl red (PKa = 4.8, A = 522,522 nm); bromcresol purple (PKa = 6.3, 
'k = 588, 592 nm); bromthymol blue (PKa = 7.0, A = 614, 620 nm); m-cresol purple (PKa 
= 8.3, A = 578, 578 nm); and phenolphthalein (PKa = 9.5, A = 552, 552 nm). The 
solutions were unbuffered except by the indicator dye itself. The pH of the solutions was 
determined by measuring the relative amounts of protonated and deprotonated forms of 
the indicator dye spectrophotometrically. Concentrations of indicator dye were chosen 
such that the absorbance of the solution at the observation wavelength when poised at the 
pKa of the indicator was in the range of 0.3-0.5. The pH changes were measured by the 
change in intensity of the most intense peak in either the acidic or basic form of the 
indicator, at the wavelengths listed above. 
Results 
1. Synthesis of Caged Decylubiquinol 
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The caged decylubiquinol used in this work, DQ-BCMB (6), consists of the 
decylubiquinol enzyme substrate (8) linked to the photolabile BCMB group (10) by 
means of a carbonate linkage. The synthesis is presented in Scheme 1. The carbonate 
diester was synthesized in a two-step process, the first of which was the coupling of 
monosilylated decylubiquinol (1) with bis(2-nitrophenyl)carbonate (2) to generate 
compound 3. A second transesterification step led to the replacement of the nitrophenyl 
Scheme 1. Synthesis ofDQ-BCMB. 
~iEt3 ~iEt3 ~ O·SiEI3 OH 0 0 R'O '" '>.. H3COX/CH3 H3COqCH3 H3COq CH3 H3COqCH3 I", 0 H3CO '" R , , H3CO D R 
H3CO '" R H3CO '" R OR' 
0 
4 ;jp ='~ OH - 0 -+ 0)",0 R'O '" '>.. ' ° '>..' '<: 0 o,ND I", ° IA 0 N02 .Jl N02 I", 0° 0'6 O",COOH ~, ~ I R = Cl0H21 OR' 
2 3 R' = CH2COOlBu 5 6 
group with the tert-butylated BCMB cage (4) to yield the protected caged quinol 5. 
Deprotection of this compound was achieved with neat TF A, to give the final product 6. 
The synthesis of the caged complex was complicated by the presence of the 
carbonate linkage. This linkage would hydrolyze in basic solutions, and was sensitive to 
heat and light. Bis(2-nitrophenyl)carbonate was chosen as the reagent for generating this 
linkage, as its reactions were found to give much higher yields and fewer side products 
than those involving reagents such as phosgene or 2-nitrophenylchloroformate. The 
acidic conditions used in the final deprotection step were found to be incompatible with 
the presence of double bonds in the hydrophobic side chain of the ubiquinoL Initial 
Chapter 4: A Water-Soluble "caged" Decylubiquinol for the Reduction ofOuinol-OxidizingEnzvmes 65 
attempts to produce a caged substrate using the quinols ubiquinol-1 and ubiquinol-2, both 
of which contain isoprenoid side chains, yielded a white, insoluble solid during the 
deprotection step. This material was believed to be a polymer formed from the 
intermolecular reactions of the carboxylate groups on the BCMB moiety and the 
activated double bonds of the ubiquinol. Decylubiquinol, which contains a saturated 
hydrocarbon tail, was used as a substrate in order to eliminate this side reaction. This 
quinol is commercially available and is commonly used to obtain the steady state kinetics 
of quinol-oxidizing enzymes. 
2. Steady-State Photolysis of DQ-BCMB 
Steady-state photolysis reactions of DQ-BCMB were performed in the following 
solvents: acetonitrile; 100 mM Na-P04, pH 7.4; and 100 nuV1 Na-P04, 0.1% DDM, pH 
7.4. On the basis of prior reports [6, 8, 10, 11] and results presented below, the 
photolysis reactions appear to have proceeded as diagrammed in Scheme 2. Upon 
photolysis of DQ-BCMB, the quinol was released as a carbonate monoester (7), and 
subsequent decarboxylation yielded free quinol 8. Figure 1 shows the spectrum of intact 
DQ-BCMB in 100 mM Na-P04, 0.1% DDM, pH 7.4 (la), as well as the spectra of the 
products of the photolysis reaction in the above solvents. The photolysis in MeCN (l c) 
was typical of the photolytic reactions of the BCMB group. A peak at 292 nm arose 
during the photolysis; on the basis of earlier studies [7, 8], it was assigned as arising from 
the cyc1ization of the BCMB group to form the substituted benzofuran 9. No significant 
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Figure 1. Absorption spectra of 50 j..lM DQ-BCMB in 100 mM Na-P04, 0.1 % DDM, pH 7.4 (a); 
and the products of the photolysis of 50 j..lM DQ-BCMB in 100 mM Na-P04, pH 7.4 (b); 
acetonitrile (c); and 100 mMNa-P04, 0.1% DDM, pH 7.4 (d). 
spectral changes occurred as a result of the release of the quinol molecule. In aqueous 
phosphate buffer solution (lb), photolysis ofDQ-BCMB gave rise to a broad peak with a 
"-max at 276 run and an intensity much lower than is observed in acetonitrile. Prior work 
from this laboratory has shown that a competition exists in aqueous solution between 
cyc1ization of the BCMB group to form the benzofuran and the attack of water on one of 
the intermediates of the photolytic process to regenerate the parent benzoin 10 [8]. As 
free BCMB has a spectrum similar to that ofunphotolyzed DQ-BCMB, the low intensity 
seen at 276 run suggests that the yield ofbenzofuran product is in fact lower in aqueous 
solution than in acetonitrile. In accord with this, HPLC analysis of the photolysis 
products revealed the presence of both the substituted benzofuran and BCMB, in a ratio 
of 30:70. Photolysis of DQ-BCMB in phosphate buffer with 0.1 % DDM (ld) gave rise 
to a spectral peak at 284 llIll, with an intensity slightly higher than that in acetonitrile. 
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This result was observed consistently for DQ-BCMB at DDM concentrations in the range 
of 0.05%-0.5% (data not shown). HPLC analysis showed that in addition to the release 
of decylubiquinol, the benzofuran photoproduct was formed in >80% yield. The high 
yield of substituted benzofuran observed in DDM solution suggested that the DQ-BCMB 
was localized in detergent micelles, so that it was shielded from water during photolysis. 
3. Laser photolysis of DQ-BC1yfB 
To determine the rate of photolysis of DQ-BCMB and the photolysis yield under 
conditions compatible with enzymatic study, transient absorption spectra of 50 )lM DQ-
BCMB were taken in 100 mM Na-P04, 0.1 % DDM, pH 7.4. As shown in Figure 1, the 
photolysis products of DQ-BCMB have a small but non-zero absorbance at wavelengths 
as high as 500 llffi. Control experiments with organic acids derivatized with the BCMB 
group showed that the absorbance change at high wavelengths arose from the benzoin 
and benzofuran products, not the quinol substrate. The change in absorbance at 400 nm 
was used to monitor the photolysis reaction, as there is negligible absorption by DQ-
BCMB at this wavelength, and thus no photolysis of the sample by the probe beam, and 
this wavelength lies below the Soret band in heme spectra. An extinction coefficient for 
the photolyzed minus unphotolyzed difference spectrum of 0.5 mM-1 cm- l was calculated 
on the basis of the spectra in Figure 1. At a concentration of 50 )lM DQ-BCMB, 
photolysis yield was linear with laser power, generating 10 )lM of quinol at a laser power 
of 3.5 mJ/pulse. Transient absorption was also monitored at 310 nm to measure 
benzofuran formation specifically. As has been shown with the 3',5'-dimethoxybenzoin 
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group [7] , photolysis occurred within the instrument response time of the laser setup, 
setting a lower bound of 106 s-1 for benzofuran formation. 
4. Decarboxylation of the caged ubiquinol 
As diagrammed in Scheme 2, the overall photolysis reaction of DQ-BCMB 
involves two processes: the cyclization or hydrolysis of the BCMB group with 
concomitant release of substrate, and a decarboxylation of the released substrate. While 
the former reaction is readily observable by optical spectroscopy, the decarboxylation 
step is more difficult to observe. During experiments in which transient absorption 
spectroscopy was used to monitor the reaction of photoreleased decylubiquinol with E. 
coli cytochrome bo3, we found the rates of enzyme reduction by the released substrate to 
be slower than the enzyme turnover, which suggested that decarboxylation of the 
substrate was rate-limiting in this process. These results are presented in the following 
paper. In other recent experiments in which arnines were linked to photo labile protecting 
groups using a carbamate linkage, decarboxylation of substrate was shown to be 
significantly slower than the primary photolytic process [10]. The availability of a water-
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soluble BCMB cage allowed us to explore the decarboxylation reaction of quinol 
carbonate mono esters in more depth. 
The photolysis ofDQ-BCMB contains two steps that involve the uptake or release 
of protons (see Scheme 2). In the actual photolysis event, the BCMB group will either 
cyclize to form benzofuran and release a proton, or will be hydrolyzed with the 
associated release of a proton. The carbonate monoester of the quinol will remain 
deprotonated in normal pH ranges, but upon decarboxylation, the quinol anion will pick 
up a proton if the solution pH is less than the pKa for the quinol. Thus, upon photolysis 
of the caged decylubiquinol, there will be a rapid acidification of the solution and a 
subsequent alkalinization that should occur at the rate of decarboxylation of the quinol 
carbonate monoester. 
In order to monitor the decarboxylation reaction, laser photolysis reactions were 
performed in aqueous solution in the presence of pH indicator dyes, so that the pH 
changes during the reaction could be measured by the absorbance change of the indicator. 
Reactions were performed both in the presence and in the absence of 0.1 % DDM, in the 
pH range of 3.9-9.6. Figure 2 summarizes the results of these reactions over the pH 
range 3.9-8.1. The inset shows a typical absorption transient, following the photolysis of 
DQ-BCMB in 0.1 % DDM in the presence of bromcresol purple. The rapid decrease in 
absorbance following the laser flash indicated an acidification of the solution. This was 
followed by a biexponential rise corresponding to realkalinization of the solution, in 
which the rapid phase contributed most of the increase in intensity. The slower phase 
likely arose from a slow protonation of a small subset of the quinol molecules, or a 
reaction of the indicator dye itself. In either case, the phase was sufficiently slow and of 
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low enough intensity that it was not expected to have a significant effect on subsequent 
enzyme chemistry. Because of photo bleaching of the dye, the absorbance did not return 
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Figure 2. Rates of decarboxylation of the carbonate monoester of decylubiquinol in the presence 
(circles) or absence (squares) of 0.1% DDM as a function of pH. Inset: Time course of the 
reaction of 32 11M DQ-BCl'v1B in 11 11M bromcresol purple, 0.1 % DDM, pH 6.3 following 
photolysis by a 308 nm laser pulse. The absorption was monitored at 592 nm. See text for 
details. 
to the baseline at the end of the reaction, as the reaction stoichiometry would predict. At 
all pH values, the acidification was instantaneous on the time scale of the experiment. In 
the absence of detergent, the alkalinization reaction occurred over the pH range with first 
order rate constants of 195-250 s-l At pH values> 9, little alkalinization was observed, 
most likely because the ubiquinol remained deprotonated. As a result, kinetic data in this 
pH range are not included in Figure 2. In 0.1 % DDM solution, the decarboxylation rates 
were significantly more rapid than those in its absence. Over the range of indicators 
used, the rates varied from 370 s-1 to 990 s-l. The variation in rates showed no 
correlation with pH, demonstrating that the decarboxylation step is not acid- or base-
Chapter 4: A Water-Soluble "caged" Decvlub iquinol for the Reduction ofOu inol-OxidizingEnzvmes 71 
assisted. The generally more rapid decarboxylation in detergent solution likely arose 
because the caged quinol molecules were localized within detergent micelles, an 
environment that would tend to destabilize the charged carbonate formed during 
photolysis of the starting material. 
5. Reaction of DQ-BCMB with Cytochrome bc 1 and Cytochrome bo 3 
Decylubiquinol released upon photolysis of DQ-BCMB was shown to react with 
the quinol-oxidizing enzymes mitochondrial cytochrome bCl and E. coli cytochrome b03 
on a time scale of milliseconds. Full details of these experiments are given in the 
following paper. 
Discussion 
1. Evaluation ofDQ-BCMB as a Photoreleasable Enzyme Substrate 
The caged decylubiquinol, DQ-BCMB, was designed and synthesized for use as a 
substrate for quinol-oxidizing respiratory enzymes. Compatibility of DQ-BCMB with 
biological systems and its utility in enzymological studies require several chemical and 
physical properties, which are assessed below. 
In previous work on ubiquinol protected with a 3',5'-dimethoxybenzoin moiety, 
the photolysis properties of this compound could not be evaluated completely on account 
of the insolubility of this compound in water [7]. Solubility problems of this sort are 
common for photolabile protecting groups, which usually contain aromatic chromophores 
that decrease the aqueous solubility of the molecules they protect. The BCMB cage has 
overcome this problem through the presence of two carboxylate groups that provide 
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water solubility without significantly affecting the photochemical properties of the 
protecting group. We have measured the solubility ofDQ-BCMB as> 300 flM in 0.1 % 
DDM solution, a concentration that is much higher than that necessary for enzymological 
studies. Although the compound is water-soluble, it has the desirable feature of 
partitioning preferentially into the detergent phase of solution, as demonstrated by the 
steady-state photolysis experiments described above. Localization of the substrate in a 
hydrophobic environment is ideal in that the carbonate linkage of the substrate is less 
prone to hydrolysis in the hydrophobic environment, and in that the enzymes of interest 
to us are membrane-bound, and thus the reaction chemistry should be facilitated by the 
proximity of substrate and enzyme. 
Two other criteria for an optimal caged substrate are the inactivity of the caged 
substrate with respect to the enzyme and the formation of inert by-products from the 
photolysis reaction. Through the use of control reactions, we have demonstrated the first 
property "vith respect to cytochrome bel and cytochrome bo3. The by-products of the 
reaction, the substituted phenylbenzofuran and CO2, do not possess any functional groups 
that are likely to react with these enzymes, and neither product has shown inhibition of 
enzyme turnover. 
The quantum yield of the photolysis products ofDQ-BCMB is quite high as well, 
another requirement for a useful photo cage. Sheehan et al. reported a quantum yield of 
0.64 for DMB-acetate [5], and a similar value has been estimated for alcohols protected 
with the DMB group using a carbonate linkage [6]. We expect the quantum yield for 
DQ-BCMB to be the same. From a practical standpoint, laser photolysis of 100 flM DQ-
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BCMB was capable of releasing 35 I-LM of substrate in one pulse using acceptable laser 
power (-5.5 mJ/pulse), a value sufficiently high for enzyme studies. 
The BCMB cage was chosen for use on the basis of the rapid photochemistry of 
the benzoin group. However, the rate-determining step for release of active quinol is the 
decarboxylation of the carbonate that arises upon photolysis of the caged substrate. 
Sauers et aL have found an empirical relationship between the pKa of aliphatic alcohols 
and the rate of decarboxylation of the corresponding alkyl carbonates [12]. Rossi and 
Kao have utilized the o-nitromandelyloxycarbonyl group to cage 2,5-di(tert-
butyl)hydroquinone, and on the basis of the above relationship, they calculated an 
approximate t l/2 for the decarboxylation of the carbonate of 5 ms [11]. Further, 
Papageorgiou and Corrie have reported a t1/2 of 4.5 ms for decarboxylation of a 
carbamate that was generated photochemically [10]. The values reported herein are 
comparable to or faster than these. 
Although the potential rates of decylubiquinol release that may have been 
predicted on the basis of the rate of benzoin cyclization were not realized, the BCMB 
cage still allows a rapid release of this substrate. In detergent solution, decarboxylation 
rates as high as 990 s-l were observed for decylubiquinol, making substrate release 
comparable to or faster than traditional rapid-mixinglstopped-flow techniques. The 
photorelease of quinol substrate can serve as a complementary technique to more 
traditional methods of studying rapid kinetics. It has potential use in situations where the 
turbulent mixing associated with stopped flow may disrupt the integrity of liposomes, and 
for techniques such as Laue diffraction in which rapid mixing cannot be used to initiate 
reaction chemistry. 
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2. General Utility of BClvfB as a Photolabile Protecting Group 
While the primary focus of this work has been the caging of quinol molecules, it 
also reveals the general utility of BCMB as a photolabile protecting group for enzyme 
substrates. The solubility and photochemical reactivity of the BCtvrn group and the 
inertness of the benzofuran photoproduct of this protecting group are characteristics of 
the cage itself that will apply to any substrates that can be derivatized with this group. As 
has been shown in previous studies -with Dtvrn-, BCMB- and benzoin-protected 
compounds [5, 8, 13], substrates which are good leaving groups (e.g., organic acids and 
phosphates) can be deprotected at the rate ofbenzofuran formation « 1 00 ns). Further, it 
is expected that the observed inertness of the BCtvrn cage with respect to the integrity 
and activity of cytochrome bCl and cytochrome b03 will apply to a broad range of 
enzymes. Thus, we feel that BCtvrn-caged substrates can be' an excellent tool in the 
study of the rapid bimolecular reactions of enzymes -with their substrates, particularly 
those in which the substrate is hydrophobic. 
Conclusions 
In this work we have characterized the caged decylubiquinol DQ-BCtvrn and 
demonstrated that it possesses many properties that make it highly suitable as a 
photoreleasable enzyme substrate. It has good solubility in aqueous solution, excellent 
reactivity characteristics, a high photolysis yield, and a release time comparable to or 
better than traditional mixing techniques or photolysis of other "caged" alcohols. In the 
following paper, we present the use of this protected ubiquinol in the study of the 
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enzymes cytochrome be] and cytochrome bo3. From the standpoint of general utility, the 
availability of a caged alcohol substrate with a release rate on the microsecond time scale 
would expand the range of topics that could be addressed though the use of 
photoreleasable substrates and allow a complete study of the rapid bimolecular kinetics of 
many other enzymes. Further work is in progress to extend the methodology to this rapid 
time scale. 
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Chapter 5: 
Reaction of Mitochondrial Cytochrome bq and Escherichia 
coli Cytochrome b03 With a Photoreleasable Decylubiquinol 
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Abstract 
The electron transfer from decylubiquinol to the respiratory enzymes Escherichia 
coli cytochrome b03 and mitochondrial cytochrome bC1 was studied using a 
decylubiquinol molecule derivatized with the 3',5'-bis(carboxymethoxy)benzoin (BCMB) 
protecting group. As described in the previous paper, irradiation of the protected 
decylubiquinol (DQ-BCMB) with a 308 nm laser pulse led to the rapid release of 
decylubiquinol. In the presence of cytochrome bo3, photolysis of DQ-BCMB led to the 
oxidation of quinol by the enzyme with a rate that was limited by the rate of the 
decylubiquinol release. Cytochrome bC1 reacted with photoreleased decylubiquinol with 
distinct kinetic phases corresponding to rapid b heme reduction and somewhat slower c 
heme reduction. Oxidation of photoreleased ubiquinol by this enzyme showed saturation 
kinetics with a KM of3.61lM and a kcat of210 s-l. The saturation behavior was a result 
of decylubiquinol being released as a carbonate monoester during the photolysis of DQ-
BCMB and interacting with cytochrome bC1 before decarboxylation of this intermediate 
yielded free decylubiquinol. The reaction of cytochrome bCl and photoreleased 
decylubiquinol in the presence of antimycin A led to monophasic b heme reduction, but 
also yielded slower quinol oxidation kinetics. The discrimination of kinetic phases in the 
reaction of cytochrome bC1 with ubiquinol substrates has provided a means of exploring 
the bifurcation of electron transfer that is central to the operation of the Q-cycle in this 
enzyme. 
Chapter 5: Reaction of Escherichia coli cytochrome bOj. and bc J wi photoreleasable decvlubiquinol 80 
Introduction 
Quinol oxidation is a common feature of respiration in mitochondria and aerobic 
bacteria [I). Quinol-oxidizing enzymes utilize the energy released in the electron transfer 
from quinols to electron-accepting substrates in order to promote the translocation of 
protons across the inner mitochondrial or cytoplasmic membrane. The resulting 
electrochemical gradient is utilized for the production of A TP. The fundamental 
component of the coupling of electron transfer to proton translocation is the ability of the 
enzyme to direct the electron transfer through the protein in a precise manner, in terms of 
both the sequence of electron carriers and the rates of electron transfer, so that redox-
linked proton translocation is achieved in preference to uncoupled electron transfer that is 
thermodynamically favored but non-productive with respect to proton translocation. 
Thus, a complete description of the electron transfer mediated by proton-translocating 
enzymes is necessary to understand the mechanism of these proteins. In the case of 
quinol-oxidizing enzymes, the initial electron input to the enzyme is expected to play a 
crucial role in proton translocation. Yet, this has been a difficult area of study on account 
of the rapid kinetics of quinol oxidation. 
In our laboratory, we have been interested in two quinol-oxidizing enzymes, 
mitochondrial cytochrome bCl and Escherichia coli cytochrome bo3, particularly with 
regard to the mechanistic similarities and differences between the two in terms of proton 
translocation in each of the proteins. Schematic diagrams of these proteins are shown in 
Figure 1. 
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Figure 1. Schematic diagram of 
the enzyme cytochrome b03 (for 
cytochrome her see chapter 2). 
Abbreviations: Q: ubiquinone; 
QH2: ubiquinoL All other redox 
centers are described in the text. 
Cytochrome b03 catalyzes the oxidation of ubiquinol to ubiquinone, using the 
electrons released in this process to promote the four-electron reduction of dioxygen to 
water. The electron transfer from ubiquinol to dioxygen is coupled to the translocation of 
protons across the bacterial cytoplasmic membrane. Cytochrome b03 contains a low-spin 
b heme involved in electron transfer, and a binuclear site composed of a high spin 03 
heme and a mononuclear copper center (CUB). This binuclear site is the location of 
dioxygen reduction by the enzyme. In addition to the metal centers in the enzyme, there 
is a tightly bound molecule of quinone (QB) near heme b, at a site distinct from that of 
quinol oxidation. The precise location of this quinone and its role in enzyme turnover 
have not been fully defmed to date. 
The study of electron transfer through this enzyme has been performed primarily 
usmg CO flow-flash methodology [2-9]. Although this type of study can be used to 
probe electron transfer in pre-reduced enzyme, the utility of this strategy in the study of 
electron input to the enzyme from quinol under single turnover conditions is limited. 
Steady-state kinetics of cytochrome b03 have revealed a turnover of 1500 molecules of 
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ubiquinol-2 per second by this enzyme [10], making initiation ' of single-turnover 
chemistry difficult. In a previous freeze-quench EPR study from our laboratory in which 
cytochrome b03 was reacted with a sub stoichiometric amount of ubiquinol-2, the 
resulting electron distribution in the enzyme suggested that heme b and CUB were the 
electron acceptors from quinol [11]. However, the enzyme reduction occurred in the 10 
ms dead time of the apparatus used in the study, and therefore the kinetics of the electron 
input could not be studied. Thus, verification of which redox centers are the initial 
electron acceptors from ubiquinol, the rate of electron input to the enzyme, and the 
sequence of electron tranfers following quinol oxidation remain unresolved issues. 
Mitochondrial cytochrome bc] is an eleven-subunit enzyme embedded in the 
inner mitochondrial membrane. Three of the subunits, cyiochrome b, cytochrome c], and 
the iron-sulfur protein, contain redox centers which are involved in electron transfer 
through the enzyme and constitute the catalytic core ofthe protein complex. Cytochrome 
b contains two b hemes, a low-potential heme bL and a higher potential heme bH- The 
iron-sulfur protein contains an Fe2S2 cluster, and cytochrome c] contains a single cherne. 
In addition to these four redox centers, the enzyme contains two quinone/quinol binding 
sites. The P center lies near the cytoplasmic side of the membrane, and is the site of 
ubiquinol oxidation. The N center is near the matrix side of the membrane; quinone 
reduction occurs at this site, as described below. Recent crystal structures of cytochrome 
bc ] have defmed the location and orientation of these centers [12-14]. 
The reaction mechanism of cyiochrome bc ] is described by a Q-cycle model, 
originally formulated by Mitchell [15]. At the heart ofthis model is a branched electron 
transfer pathway through the enzyme controlled at the P center of the enZYme. The cycle 
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Figure 2, Schematic diagram of the Q-cycle of 
mitochondrial cytochrome bel ' Solid arrOWS denote 
chemical transformations or diffusion of substrate. 
Dashed arrows indicate electron transfer, 
Abbreviations: Q: ubiquinone; Qe: ubisemiquinone; 
QH2: ubiquinol. bL, bH, and cl denote the heme 
is shown schematically in Figure 2, Full turnover of the enzyme requires the oxidation of 
two molecules of quinol. Upon the oxidation of the first molecule of ubiquinol, one 
electron from this oxidation is transferred to the Rieske iron-sulfur cluster, and the other 
is passed to heme bL and then on to heme bH . The electron at the iron-sulfur cluster is 
then passed to cytochrome cb and on to the water-soluble protein ferricytochrome c. The 
electron in cytochrome b is transferred toa quinone at the N center of the enzyme, 
reducing the quinone to its ubisemiquinone form. Reaction of a second molecule of 
quinol at the P center again leads to the transfer of one electron to the iron-sulfur cluster 
and one to cytochrome b. The electron at the iron-sulfur cluster is transferred through 
cytochrome Cj to a second molecule offerricytochrome c, and the electron in cytochrome 
b is used to reduce the semiquinone at the N center to its fully reduced quinal form. This 
quinol can then dissociate and diffuse back into the membrane-bound ubiquinone pool. 
The result of this reaction is the oxidation of two molecules of ubiquinol with the release 
of four protons on the cytoplasmic side of the mitochondrial membrane, the reduction of 
one molecule of ubiquinone with the associated uptake of two protons from the matrix 
side of the mitochondrial membrane, and the reduction of two molecules of 
ferricytochrome c. The (([QH2]/[Q])pool / ([cyt c3+]/[cyt c2+])) ratio provides the driving 
force for the vectorial proton translocation. In terms of the efficiency of proton 
Chapter 5: Reaction of Escherichia coli cvtochrome bo 3. and bc J wi photoreleasable decvlubiquinol 84 
translocation, the reaction cycle leads to the release of four protons on the cytoplasmic 
side of the inner mitochondrial membrane with a net oxidation of only one ubiquinol 
molecule and the transfer of two electrons to ferricytochrome c. In contrast, ifthere was 
no branched electron transfer, and all of the electrons from quinol oxidation were 
transferred to cytochrome c, bypassing the N center, only two scalar protons would be 
deposited in the cytosol for every two electrons passing to cytochrome c. Thus, the Q-
cycle doubles the efficiency of proton translocation arising from ubiquinol oxidation. 
The branched electron transfer at the P center of cytochrome bCl is kinetically 
controlled, since the thermodynamically more favored reaction is the transfer of all of the 
electrons from quinol oxidation to ferricytochrome c. The precise means of this control 
is not understood at this time. Models of the branched electron transfer pathway include 
a "catalytic switch" model in which electron transfer is controlled by differential binding 
of quinol and semiquinone in the P center of the enzyme [16, 17], P center dual-
occupancy models [18-20], a "proton-gated affinity change" mechanism in which 
electrostatic interactions between the iron-sulfur cluster and bound semiquinone prevent 
the transfer of an electron from the iron-sulfur cluster to cytochrome cl prior to the 
oxidation of semiquinone [21], and structure-based models involving domain motion of 
the iron sulfur protein after it accepts an electron from ubiquinol [13, 14]. The validity of 
these possibilities depends on the identity of the rate-determining step in the reduction of 
enzyme. With regard to the Q-cycle model in Figure 2, the most likely rate determining 
steps are the oxidation of the first molecule of quinol in the turnover cycle (equation 1), 
domain movement of the iron-sulfur cluster in its electron transfer to cytochrome Cl 
(equation 2), and the oxidation of the second molecule of quinol in the reaction cycle 
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(equation 3). These three possibilities give different predictions with respect to the 
kinetics of heme reduction by ubiquinol in cytochrome bCl' If the oxidation of the first 
molecule of quinol is rate-limiting (equation 1), all three hemes in the enzyme should 
have identical reduction rates. If electron transfer from the iron-sulfur protein to 
cytochrome cl is rate-limiting (equation 2), a fast b heme reduction should be observed, 
followed by a second phase in wlllch b heme and C heme reduction occur at equal rates. 
Finally, if the oxidation of the second molecule of quinol is rate-limiting (equation 3), a 
rapid reduction of b and C hemes, followed by a slower phase of b heme reduction, would 
be predicted. In this co=ection, it is important to note that the oxidation of quinol by 
cytochrome bC1 is a bimolecular reaction, whereas the electron transfer from the iron-
sulfur cluster to cytochrome c1 is intramolecular. Therefore, depending on the reaction 
conditions, either quinol oxidation or intramolecular electron transfer may be rate-
limiting. Factors which may control which step is rate-limiting include the concentration 
of the quinol substrate, the identity of the quinol substrate, and the presence of enzyme 
inhibitors. 
QH2 + Fe-S(ox) + cyt b(ox) -+ Q + Fe-S(red) + cyt b(1e--red) 
Fe-S(red) + cyt cl (ox) -+ Fe-S( ox) + cyt c1 (red) 
QH2 + Fe-S(ox) + cyt b(1e--red) -+ Q + Fe-S(red) + cyt b(2e--red) 
(1) 
(2) 
(3) 
A full mechanistic understanding of the turnover of both cytochrome b03 and 
cytochrome bCl requires the ability to initiate the reaction with ubiquinol on a suitably 
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rapid time scale. In order to study the electron transfer from ubiquinol to cytochrome b03 
and cytochrome bc), we have synthesized decylubiquinol molecules derivatized with the 
photolabile protecting group 3',S'-bis(carboxymethoxy)benzoin (BCMB). The carbonate 
ester of decylubiquinol and BCMB, hereafter referred to as DQ-BCMB, undergoes rapid 
photolysis to release decylubiquinol, which is then free to react with enzyme. The 
synthesis and characterization of DQ-BCMB and its photochemical properties are 
presented in the previous paper. In this work we describe the reaction of DQ-BCMB 
with cytochrome b03 and cytochrome bCI following the rapid initiation of reaction 
chemistry v.ith a laser pulse. 
Materials and Methods 
1. General 
The caged quinol DQ-BCMB was synthesized as described in the previous paper. 
Antimycin A was purchased from Sigma and used as received. n-Dodecyl-~-D­
maltopyranoside (DDM) was purchased from Anatrace . Cytochrome bCI from bovine 
heart mitochondria and Escherichia coli strain GO 1 OS/pJRHisA were generous gifts from 
Dr. C. A. Yu of the Department of Biochemistry, Oklahoma State University, and Dr. R. 
B. Gennis of the Department of Biochemistry, University of Illinois, respectively_ 
Cytochrome b03 was prepared as described previously [10]. 
2. Laser spectroscopy 
Transient absorption spectroscopy was performed using a laser setup described 
elsewhere [22]. The photolysis was initiated by a 308 nm laser pulse from a Lambda 
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Physik LPX201I XeCI excimer laser. Transient absorption was measured at individual 
wavelengths. 
3. Reaction of cytochrome bo 3 with DQ-BCMB 
A solution of 1.2 ~M cytochrome b03 and 100 ~M DQ-BCMB in 1 rnL of 100 
roM sodium phosphate buffer (Na-P04), 0.1 % DDM, pH 7.4 was subjected to irradiation 
at 308 nrn. The laser power was measured prior to each experiment. Transient absorption 
was measured at individual wavelengths from 400-450 nrn. For any given sample, a 
maximum of20 pulses (25 ns pulse width, 500 ns total irradiation) was used, with stirring 
in between each pulse, before the sample was replaced, so as to prevent excessive 
depletion of starting material. Control experiments were performed on 1.2 ~M 
cytochrome b03 in the absence ofDQ-BCMB, and on 100 J..LM DQ-BCMB in the absence 
of cytochrome b03, over the same wavelength range and using identical conditions as 
above. 
4. Reaction of cytochrome bc J with DQ-BCMB 
Solutions of 1.7 ~M or 3.4 ~M mitochondrial cytochrome bCl and 100 ~M DQ-
BCMB in 100 roM Na-P04, 0.1 % DDM, pH 7.4 were irradiated with 308 nrn laser 
pulses. Energies of the laser pulses were measured for each experiment. Absorption 
transients were acquired over the wavelength ranges 400-450 nrn (heme Soret bands) and 
540-580 nrn (a-bands). Samples were replaced after a maximum of six pulses. For the 
power dependence studies, a flow cell was used and the sample replaced after each pulse. 
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Control experiments on cytochrome bCI in 100 mM Na-P04, 0.1% DDM, pH 7.4 in the 
absence of DQ-BCMB, and inhibition studies utilizing antimycin A were performed 
under identical conditions. 
Results 
1. Reaction ojDQ-BClvfB with cytochrome b03 
The reaction of E. coli cytochrome b03 was studied following photolysis of the 
caged decylubiquinol by measuring the changes in the optical absorption spectra of 
hemes b and 03' Figure 3 shows absorption transients at 404 nrn and 430 nrn following 
the photolysis of DQ-BCMB in the presence of 1.2 11M cytochrome b03. These 
wavelengths correspond to the minimum and maximum, respectively, of the reduced 
minus oxidized difference spectrum of the enzyme. At 404 nrn, there was a nearly 
Cytochrome bo, + DQ-SCMS 
0 .08 
0.06 
430 nm 
0 .04 
nA 0.02 
0 .00 
404 nm 
-0 .02 
-0.04 
0.000 0.001 0.00 2 0.004 
time (seconds) 
Figure 3. Time course of the reaction of 1.2 J.1M cytochrome b03 with 100 11M DQ-BeMB 
following photolysis, measured at 404 run and 430 nm. The excitation wavelength was 308 nm, 
with energy of 5 mJ/pulse. The traces are an average of five absorption transients. 
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instantaneous increase in absorbance followed by a biphasic decay in intensity. At 430 
nrn, the initial increase in absorbance was followed by a rapid decay of the signal and a 
slower rise in absorbance at this wavelength. The first phase was assigned on the basis of 
the wavelength dependence of its magnitude. Through comparison of this phase with the 
spectrum of the photolysis products ofDQ-BCMB (see previous paper) and the reduced-
minus-oxidized spectrum of cytochrome b03 (see figure 4), the phase was assigned as the 
photolysis of 23 )lM DQ-BCMB and the photoreduction of 0.05 ,LlM cytochrome b03 
(0.1 )lM heme). In control experiments in which the cytochrome b03 and DQ-BCMB 
were subjected to laser irradiation independently, photoreduction of cytochrome b03 and 
photolysis of DQ-BCMB were observed at levels slightly higher than those listed above. 
The second phase of the reaction of cytochrome b03 with DQ-BCMB, extending from t = 
Cytochrome bo, + DQ-BCMB , 5 ms 
0.04 r----r--,---r----,r-........ --,--...-----,--,--, 
0.02 
!1A 0.00 
-0.02 
-cyt bo~ reduced - oxidized spectrum 
__ - - hem e b reduced - oxidized spectrum 
-0.04 '----"---'---'--'----"---'--....... --'-.......... --' 
40 0 410 420 430 440 450 
).. (n m) 
Figure 4. Wavelength dependence of the reaction of 1.2 11M cytochrome b03 with 100 11M DQ-
BCMB following photolysis. Data points are the magnitude of the kinetic phase corresponding to 
electron transfer from decylubiquinol to cytochrome b03 (the slowest phase in figure 3). Values 
were calculated from biexponential fits of the transient absorption at each wavelength, ignoring 
the initial rise in absorbance. 
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o to approximately 500 fls, was assigned primarily to reoxidation of the hemes, again on 
the basis of multiple wavelength measurements . Decay arising from amplifier ringing in 
the instrumental setup was also observed during this phase. 
The final phase corresponded to the electron transfer from photoreleased 
decylubiquinol to cytochrome b03. This phase was not observed in control experiments 
in which cytochrome b03 or DQ-BCMB was irradiated by itself. A biexponential fit to 
the transient absorption data at both 404 nm and 430 nm gave an observed rate constant 
of 450 s-1 for the final electron transfer phase. Figure 4 shows the wavelength 
dependence of the magnitude of this phase over the wavelength range 400-450 nm. Also 
included are a reduced minus oxidized difference spectrum for cytochrome b03 and a 
difference spectrum for heme b alone, measured as described in prior literature [3]. 
Comparison with these two spectra suggests that the absorption change for this phase 
arose from a general reduction of the enzyme, with a slightly larger reduction level for 
heme b than for heme 03' Reduction of both b and 0 hemes was verified on the basis of 
a -band absorbance as well (data not shoVvn). The magnitude of the absorbance change 
corresponded to a reduction of 0.11 flM enzyme (0.22 flM heme). 
The dependence of the rate of reduction of cytochrome b03 on the concentration 
of photoreleased decylubiquinol was determined over the range 3 flM - 35 flM quino!. 
Decylubiquinol was released as a carbonate upon photolysis of DQ-BCMB (see previous 
paper) , and because neither the carbonate nor the free quinol had a significant optical 
absorption at the wavelengths used to monitor cytochrome b03 reduction, the 
concentration of the benzofuran and benzoin photoproducts of the photolysis was used to 
quantify the amount of decylubiquinol released, with the understanding that the 
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calculated decylubiquinol concentration was the sum of the concentrations of 
carboxylated and free quinol. The decylubiquinol concentration was varied by changing 
the laser pulse energy at the sample. The variation of the observed enzyme reduction rate 
constant kobs with decylubiquinol concentration is sho-wn in figure 5. This concentration 
dependence was characteristic of pre-steady-state saturation kinetics. Fitting the data 
using a Michaelis-Menton treatment yielded a KM value of 7 11M and a kcat of 580 s-l. 
The decarboxylation rate constant of the caged decylubiquinol in detergent solution has 
~.~-
been determined to be on the order of 500-600 s-1 (see previous paper), very similar to 
the observed kcat for cytochrome b03 reduction. From this we conclude that the kinetics 
of cytochrome b03 reduction were dictated by the chemistry of the carboxylated 
decylubiquinol, as described in equations 4 and 5. Photolysis of DQ-BCMB yielded the 
carboxylated decylubiquinol, which rapidly formed a tight Michaelis complex with 
cytochrome b03 . Electron transfer into the enzyme did not happen until decarboxylation 
of the decylubiquinol occurred. Therefore, the decarboxylation of the substrate was rate-
limiting in the reduction of enzyme. This reaction chemistry was a peculiarity of the 
photochemical system used to initiate the chemistry; nevertheless, it dominated the 
intended reaction chemistry for this system shown in equations 4 and 6, decarboxylation 
of decylubiquinol followed by reaction of the free decylubiquinol with the enzyme. 
Of the redox centers in cytochrome b03, the CUB center has the highest reduction 
potential. The observed electron distribution in cytochrome b03 following reduction by 
photoreleased decylubiquinol showed comparable reduction levels of heme b and heme 
03 ' Since copper will undoubtedly accept one electron from decylubiquinol during its 
oxidation, reduction of both hemes requires either the reaction of the enzyme with more 
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than one molecule of substrate or the equal sharing of one electron between the two 
hemes. We prefer the former explanation in that there was invariably an excess of 
decylubiquinol released in the photolysis reactions, and most reported redox studies of 
cytochrome b03 have shown that the reduction potentials of the two hemes differ by at 
least 60 m V [23-28]. 
In earlier work, we showed that a significantly higher level of heme b was 
reduced relative to heme 03 when a substoichiometric amount of ubiquinol was employed 
in the reaction of ubiquinol with cytochrome b03 [11]. In the current study, the different 
electron distribution observed lends further support to the idea that more than one quinol 
molecule reacted with each enzyme molecule. In addition, the results presented here 
suggest that two or more molecules of quinol can react with enzyme on a two-millisecond 
time scale, in accord with the known steady-state kinetics of cytochrome b03. In spite of 
the apparent four-electron reduction of enzyme, we did not observe signs of dioxygen 
chemistry in this time range. Experiments performed after incubating the enzyme and 
substrate under an argon atmosphere gave comparable reduction rates and reduction 
levels for cytochrome b03. 
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Figure 5. Observed rate constant for reduction of 1.2 flM cytochrome b03 as a function of the 
concentration of photoreleased decylubiquinol. The initial concentration of DQ-BCMB was 100 
flM. 
2. Reaction of DQ-BCMB with cytochrome bc 1 
Following photolysis of DQ-BCMB in the presence of 1.7 J.-lM cytochrome bc], 
the electron transfer from decylubiquinol to cytochrome bCI was mDnitored by following 
the absorption changes over the range 400-450 nm. Figure 6 shows absorption transients 
at 410 nm and 430 nm, the minimum and maximum in the reduced minus oxidized 
difference spectrum of cytochrome bc], following irradiation of the reaction mixture with 
a laser pulse of 5.5 ml Upon irradiation of the sample, a sharp increase in absorbance at 
430 nm and a slight increase in absorbance at 410 nm occurred. This phase was assigned 
as a combination of the photoreduction of 0.14 flM cytochrome bel (0.42 flM heme) and 
the formation of the photoproducts of DQ-BCMB at a concentration of 21 J.-lM, on the 
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basis of multiple wavelength measurements. However, unlike in cytochrome bo3, no 
subsequent reoxidation of the hemes was observed. Following the frrst phase, we 
observed an exponential decay at 410 nm and rise at 430 nm, which were indicative of 
reduction of the heme groups in the enzyme by the photoreleased decylubiquinol. Single 
exponential frts to this phase gave an observed frrst order rate constant of 200 s-] for the 
reduction. The wavelength dependence of the magnitude of this reduction phase is 
shown in Figure 7 (left) . Also included is a scaled, reduced minus oxidized difference 
spectrum of cytochrome bc]. The data were frt in a satisfactory manner by the difference 
spectrum, clearly showing reduction of enzyme, but the relative reduction levels of the b 
and c hemes could not be measured accurately from these data. Assuming reduction of 
all of the redox centers, 0.22 11M of enzyme was reduced from a single laser pulse. 
J1 A 
0 .02 
0.01 
0.00 
-0.01 
Cytochrome be , + DQ-BCMB, 50 ms 
.. 
- cytoch rom e be, 
reduced - oxiciized 
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Figure 7. Wavelength dependence of the reaction of cytochrome bel with 100 IlM DQ-BCMB 
following photolysis. Data points are the magnitude of the kinetic phase corresponding to 
electron transfer from decylubiquinol to cytochrome bq. Left: Soret band absorption changes, 
l.7 IlM cytochrome bq, 5 mJ/pu lse. Right: Absorbance changes in the a.-band region, 3.4 IlM 
cytochrome bq , 4 mJ/pulse. 
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In a parallel experiment, DQ-BCMB was photolyzed in the presence of 3.4 IlM 
cytochrome bc ] in order to study the wavelength dependence of the reaction in the a-
band region. Figure 7 (right) shows the magnitude of the absorbance change from this 
reaction over the wavelength range 540-580 nm. Also included is the reduced minus 
oxidized spectrum of cytochrome bc] in this spectral range. The a-band data reveal 
reduction of both cytochrome b and cytochrome c]. However, the proportionally higher 
absorbance at 552 nm, the absorption maximum of cytochrome c] , relative to that at 565 
nm, the absorption maximum for cytochrome b, shows a higher average level of c heme 
reduction than b heme reduction. This difference is attributed to b heme oxidation by 
quinone at the N center of cytochrome bC1' 
020 
0.15 430 nm 
0.10 
I1A 0.05 
0.00 
4 10 nm 
-0.05 
0.00 0 .01 0.02 0.03 0.04 
time (seconds) 
Figure 6. Time course of the reaction of 1.7 IlM cytochrome bq with 100 IlM DQ-BCMB 
following photolysis, measured at 410 nm and 430 nm. The excitation wavelength was 308 nrn, 
with an energy of 5 mJ/pulse. Each trace resu lted from a single laser pulse. 
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In the reaction of 1.7 flM cytochrome bCl with 100 flM DQ-BCMB, the 
dependence of the electron transfer rate into cytochrome bCl on the concentration of 
photoreleased decylubiquinol was measured using the absorbance change at 430 nm 
following photolysis. The concentration was varied by changing the laser pulse energy, 
and was measured in a parallel experiment in which 100 flM DQ-BCMB was photolyzed 
under identical laser pulse energies in the absence of enzyme. Unlike in prior literature 
reports [29, 30], the expected linear dependence of the rate on decylubiquinol 
concentration was not observed. Rather, a concentration dependence indicative of 
saturation kinetics was seen. Fitting the data with a Michaelis-Menton model yielded a 
KM of3 .6 flM and a kcat of210 s-l. 
0.04 
0.03 
M 0.02 
565 nm - 575 nm 
0.01 
0.00 
0.00 0.01 0.02 0.03 0.04 
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Figure 8. Time course of the reaction of 3.4 11M cytochrome bCj with 100 11M DQ-BCMB. 
Photolysis was initiated with a 4.5 mJ laser pulse. The traces show the difference spectrum of the 
absorbance at 565 nm minus 575 nm, with a biexponential fit to the data, and the difference 
spectrum at 554 nm minus 540 nm, with a single exponential fit to the data. The trace at each 
wavelength resulted from a single laser pulse. 
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Monitoring the reaction of cytochrome bCI v.rith DQ-BCMB through the a-bands 
in the absorption spectra allowed the distinction between b heme and C heme reduction. 
The wavelength pairs 565-575 nm and 554-540 nm were used for this purpose. Figure 8 
shows the time course of the reaction of 3.4 J..lM cytochrome bCI with 100 J..lM DQ-
BCMB, irradiated with a laser pulse energy of 4.5 mJ. The trace with the more rapid 
initial rise shows the time course of the difference spectrum at 565 run minus 575 nm, a 
pair that isolates the redox chemistry of the b hemes in the enzyme. An initial rise in 
absorbance corresponding to b heme reduction was followed by a slower decay assigned 
as electron transfer from the b hemes to Ubiquinone at the N center of the enzyme. A 
biexponential fit to the data gave an observed rate constant of 270 s-I for the reduction of 
the b hemes and a rate constant of 34 s-I for the subsequent oxidation. The other trace is 
that from the difference of the transients at 554 nm and 540 nm, characteristic of cherne 
reduction. The trace reveals a reduction of cytochrome cl that was slower than that of the 
b hemes, with an exponential fit yielding a reduction rate constant of 60 s-I. The 
magnitudes of the absorbance changes corresponded to a reduction of 1.1 J..lM b heme 
(0.54 J..lM cytochrome b) and 1.2 J..lM C heme. The higher maximal reduction level of C 
heme was attributed to loss of electrons from cytochrome b through the N center. 
In order to eliminate the loss of electrons from the N site of cytochrome bCI, the 
reaction of 3.4 J..lM cytochrome bCI v.rith 100 J..lM DQ-BCMB in the presence of the 
respiratory inhibitor antimycin A was performed in conjuction with the above reactions. 
Figure 10 shows the difference transients from the reaction of cytochrome bel v.rith DQ-
BCMB in the presence of 10 J..lM antimycin A. The upper trace shows the difference in 
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absorbance at 565 run mmus 575 run. The reduction was monophasic, with an 
absorbance change corresponding to reduction of 1.24 flM b heme. The rate of b heme 
reduction was slower than that in the absence of inhibitor, with an observed rate constant 
of 53 s-1 for this phase. This slower rate of b heme reduction cannot be explained by a 
lower quinol concentration. Thus, we attribute the slower rate at least in part to inhibition 
of quinol oxidation by antimycin. The lower trace in Figure 9 follows the reduction of 
the c heme in the enzyme. A reduction rate of 56 s-1 was observed, essentially identical 
to that of b heme reduction and very similar to that of c heme reduction in the absence of 
inhibitor. The absorbance change corresponded to a reduction of 0.98 )lM c heme. The 
coincidence of the reduction rates for band c heme reduction are in accord with 
Cytochrome be, + DQ-SCMS, 10 flM antimycin A 
~A 
0.00 0.01 0.02 0.03 0.04 
time (seconds) 
Figure 9. Time course of the reaction of3.4 f1!\1 cytochrome bq with 100 J-LM DQ-BCMB in the 
presence of 10 J-LM antimycin A. Photolysis was initiated with a 4 mJ laser pulse. Upper trace: 
Difference spectrum of the absorbance at 565 nm minus 575 nm, with a single exponential fit to 
data. Lower trace: Difference spectrum at 554 nm minus 540 nm, with a single exponential fit to 
data. The trace at each wavelength arose from a single laser pulse. 
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inhibition of quinol oxidation by antimycin, When an antimycin concentration of 2 /-LM 
was used, rate constants of 70 s-1 and 57 s-1 were observed for b heme and c heme 
reduction, respectively, demonstrating an easing of the inhibition, 
Discussion 
1. Reaction chemistry of cytochrome bo 3 with photolyzed DQ-BCMB 
As mentioned above, the reduction of cytochrome b03 was rate-limited by the 
reaction chemistry leading to the release of decylubiquinol. The expected sequence of 
events in this system was the release of decylubiquinol followed by the reaction of the 
quinol with cytochrome b03, as shovm in equations 4 and 6. Although the rate constant 
for decarboxylation of the photoreleased quinol was measured at approximately 600 s-l , 
photolysis of a large amount of DQ-BCMB would be expected to produce an excess of 
decylubiquinol with respect to cytochrome b03 on a subrnillisecond time scale, so that 
enzyme reduction rates of greater than 600 s- l would be observed. However, the 
apparent maximum reduction rate of 580 s-l for the enzyme and the concentration 
dependence of the rate suggested that the enzyme substrate formed a Michaelis complex 
prior to the decarboxylation reaction. The apparent KM of 7 /-LM for the substrate is 
somewhat lower than the KM value of 42 /-LM reported for the reaction of cytochrome b03 
with decylubiquinol under steady-state conditions [31], suggesting that the carboxylated 
decylubiquinol did in fact out-compete the free decylubiquinol at the binding site, Prior 
to the decarboxylation of the photoreleased decylubiquinol, the observed chemistry was 
non-physiological, and the release offree quinol was too slow to yield useful mechanistic 
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data. Thus, further methodology development will be necessary to probe fully the quinol 
oxidation by this enzyme. 
Because of the low concentration of enzyme used in these studies, the photolysis 
of DQ-BCMB invariably produced an excess of quinol with respect to cytochrome bo3. 
The wavelength dependence of the absorption changes in this process and the 
monophasic kinetics at all wavelengths showed that the reduction of both heme groups 
was rate-limited at the level of substrate release. As mentioned above, the reduction of 
both heme groups required that the enzyme react with more than one molecule of 
substrate. If only one molecule of substrate was to react with the enzyme, information 
regarding electron distribution in the enzyme on a millisecond time scale could be 
determined, even if the electron transfer to the enzyme was too rapid to study directly. 
Specifically, the electron distribution resulting from the reaction of enzyme with 
substoichiometric amounts of substrate would represent a quasi~equilibrium arising from 
the interplay of the reduction potentials of the redox centers in the enzyme and the kinetic 
barriers to internal electron transfer. Our prior work in this area, using freeze-quench 
methodology to study the reaction of cytochrome b03 with ubiquinol-2, showed that if 
only one molecule of quinol was allowed to react with enzyme, the electrons transferred 
in this reaction ended up primarily on CUB and heme b in the enzyme [11] . In principle, 
the photolysis of DQ-BCMB with low laser power could reproduce this experiment with 
an almost ten-fold increase in time resolution, so that more rapid electron transfers 
leading to the final electron distribution could be detected. This prospect represents a 
further line of study for this enzyme. 
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2. Reaction chemistry of cytochrome bc 1 
Through the use of DQ-BCMB as a photoreleasable enzyme substrate, we have 
been able to probe the reaction of cytochrome bC1 with a ubiquinol substrate under pre-
steady-state conditions. Although the decarboxylation of photo released decylubiquinol 
had to be taken into account in interpreting the kinetics of the reaction, the kinetics were 
well-defined, so there was no dead time as such for this experimental setup. Reduction of 
cytochrome be1 by decylubiquinol was observed in both the Soret and a-bands in the 
optical spectra of the enzyme, and kinetic phases corresponding to b and cherne 
reduction were distinguished. These observations have demonstrated the utility of DQ-
BCMB as a photoreleasable enzyme substrate, and have shOVvl1 that the methodology has 
been sufficiently refined to probe all of the kinetic phases in the pre-steady-state reaction 
ofthis enzyme. 
The resolution of b heme and c heme reduction rates has allowed us to explore the 
nature of the electron transfer at the P center of cytochrome bc], as described above. In 
the reaction of cyiochrome bC1 with decylubiquinol in the absence of inhibitors, 
cytochrome b reduction occurred at a more rapid rate than that of cytochrome c1' This is 
in accord with the view that the first molecule of quinol to be oxidized in the reaction 
cycle of cytochrome bC1 reduces the iron-sulfur cluster and cytochrome b, but not 
cytochrome c1' The slower reduction of cytochrome c1 relative to cytochrome b showed 
that electron transfer from the iron-sulfur protein to cytochrome c] was slower than the 
oxidation of the quinol substrate, and thus that the initial oxidation reaction of quinol 
(equation 1) was not rate-limiting in the full reduction of the enzyme. As no distinct 
second phase of b heme reduction was observed on the time scale of these experiments, it 
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cannot be confirmed whether motion of the iron-sulfur protein (equation 2) or subsequent 
quinol oxidation (equation 3) was rate-limiting under these conditions. In the presence of 
antimycin A, the b heme reduction level was increased relative to that of cytochrome cI 
and no phase corresponding to b heme oxidation was seen, as expected from the known 
inhibitory properties of antimycin. However, we found that the rate of b heme reduction 
was decreased and was nearly identical to that of c heme reduction in the presence of 
antimycin. We interpret this result to mean that antimycin was able to affect the reaction 
chemistry at the P center of the enzyme as well as the N center, although the role of the N 
center in electron input to cytochrome b has not been defmed fully. The inhibition 
showed that the reaction rates of the various steps in the reduction of cytochrome bc I are 
sufficiently close that small changes in the reaction conditions can result in changes in the 
rate-determining step. This suggests that more than one factor is involved in directing 
electron transfer through the enzyme. 
The saturation kinetics observed in the reaction of photoreleased decylubiquinol 
stand in stark contrast to the second order behavior noted in the pre-steady-state reaction 
of cytochrome bc 1 with comparable concentrations of ubiquinol-l 0 [29] and menaquinol 
[30] in previous studies. Also, the observed reaction rates in this study are significantly 
higher than in the previous work. As with the reaction of photolyzed DQ-BCMB with 
cytochrome bo3, we attribute this behavior to the reaction of carboxylated decylubiquinol 
with cytochrome bCI' 
Decylubiquinol, ubiquinol-8, and menaquinol have sufficiently similar chemical 
properties that the saturation kinetics observed in this study cannot be attributed to any 
features of decylubiquinol itself Therefore, one must conclude that the carboxylated 
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decylubiquinol is responsible for the kinetic behavior observed in the reaction of DQ-
BCMB with cytochrome bel' The fact that saturation behavior is observed in this 
reaction implies that the carboxylated quinol binds much more tightly to the enzyme than 
does the natural ubiquinol substrate. The most distinguishing feature of the carboxylated 
decylubiquinol which could explain this observation is the charge of this species. At 
physiological pH, the carboxylated ubiquinol is anionic. Its chemical structure is similar 
to that of deprotonated ubiquinol and ubi semiquinone anion, both of which are presumed 
intermediates in quinol oxidation by cytochrome bel' As stabilization of the latter two 
species is an expected feature of quinol-oxidizing enzymes, adventitious stabilization of 
the carboxylated decylubiquinol is not unreasonable. From biochemical evidence and the 
recently published crystal stuctures of cytochrome bel , the most likely residues that 
would be involved in an electrostatic stabilization of these anionic species are the 
histidine residues associated with the iron-sulfur cluster, specifically His161 of the 
mitochondrial enzyme [13, 14, 21]. 
The value of kca/KM for the reaction of cytochrome bel with photolyzed DQ-
BCMB, 5.8 x 107 M-l s-l , provides a measure of the rate enhancement achieved by the 
use of DQ-BCMB as a substrate. Over the concentration range studied, the observed 
rates arising from the saturation kinetics of this system would exceed those of a second-
order kinetic process with a rate constant of 1 x 107 M-I s-l. By way of comparison, a 
second-order rate constant of 1.3 x 106 M-l s-l was reported for the reaction of 
menaquinol with cytochrome bel [30], and a value of 3 x 105 M-l s-I published for the 
reaction of ubiquinol with cytochrome be l in which the reaction was initiated by 
irradiation of photosynthetic reaction centers [29]. Thus, if the second-order kinetic 
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process diagrammed in equation 6 was to play a significant role in the reaction of 
photolyzed DQ-BCMB with cytochrome bc], a very rapid reaction of free decylubiquinol 
with cytochrome bc] would be necessary. In spite of the fact that the carboxylated 
decylubiquinol controlled the reaction kinetics in this system, the reaction chemistry 
following the decarboxylation of the quinol was expected to be identical to that of native 
ubiquinol with enzyme. Therefore, the conclusions regarding relative electron transfer 
rates and mechanisms of branched electron transfer should still be applicable. 
Two other methodologies have been employed to study the electron input to 
cyiochrome be1' As mentioned above, ubiquinol has been generated photochemically in 
bacterial chromatophores containing photosynthetic reaction centers and cytochrome bc], 
and the subsequent electron transfer to cytochrome bc] has been observed [19, 29, 32-
34]. This technique has been used successfully to measure second-order rate constants 
for the reduction of cytochrome b by ubiquinol-l0. In spite of the rapid time scale that 
has been probed using this technique, the complexity of the technique limits its general 
utility. Changing the concentration of substrate requires adjustment of the redox poise to 
levels at which the redox centers in cytochrome bC1 are partially or fully reduced. The 
presence of multiple c-type cytochromes in the samples has made the kinetics of 
cytochrome c] reduction difficult to quantitate. In addition, a time lag corresponding to 
the release of ubiquinol from the photosynthetic reaction center is observed in this 
chemistry. Finally, the use of chromatophores makes quantitation of protein and quinone 
concentrations difficult. While this technique has provided much information with 
respect to pathways of electron transfer in cytochrome bc] and mechanistic details 
relating to the Q-cycle model, a simpler technique should be able to address the 
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ambiguities and uncertainties in the measurements. The use of photoreleasable substrates 
as described in this work has the advantage of yielding a better defined system with a 
more direct method of initiating and probing the reaction chemistry. 
The reaction of quinol with cytochrome bel has also been studied using stopped-
flow spectrophotometry. A recent stopped-flow, rapid-scanning optical 
spectrophotometry study explored the reaction of yeast cytochrome bel with menaquinol, 
a non-physiological substrate of cytochrome bel [30]. This study demonstrated the basic 
features of the Q-cycle in the reaction of cytochrome bel with menaquinol, but 
measurements of reaction rates were only made in the presence of unspecified amounts of 
enzyme inhibitors. Also, the slower phases of enzyme reduction in this study were 
significantly slower than enzyme turnover. These features limit the interpretation of the 
results with respect to physiological turnover of enzyme. However, the turbulent mixing 
associated ,,"ith the stopped-flow technique gives a dead time of at least a few 
milliseconds, a time scale in which the most rapid cytochrome b reductions occurred in 
our experiments with cytochrome bel and DQ-BCMB. 
Conclusions 
In this work we have demonstrated the use of the BCMB protecting group as a 
means of photo initiating bimolecular enzyme chemistry. With a BCMB-derivatized 
decylubiquinol, we have probed the electron input kinetics of mitochondrial cytochrome 
bel on a millisecond time scale. The improvement in time resolution gained over more 
traditional stopped-flow techniques allowed us to observe even the most rapid electron 
transfers from ubiquinol to this e=yme using substrate concentrations as high as 35 fl.M. 
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Resolution of b heme and c heme reductions on this time scale has provided an avenue 
for the exploration of the events that occur at the P center during the oxidation of quinol 
molecules, and hopefully will allow an accurate description of the means by which the 
bifurcation of electron transfer in this enzyme takes place. We hope that further 
methodology development with photolabile protecting groups will allow an equally 
complete description of electron transfer into cytochrome b03 and other quinol-oxidizing 
enzymes. 
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Introduction 
One of the fundamental processes of living cells is the synthesis of proteins. The 
folding of proteins must take place for the proper three-dimensional structure to be 
reached and hence, their biological function to be realized. In some cases, the cell has 
devised elaborate chaperone proteins to facilitate this process; however, in many proteins 
the folding is driven exclusively by thermodynamic forces and/or kinetic pathways that 
are not completely understood at this time. Elucidation of these protein folding pathways 
and forces can shed light on how proteins obtain their unique structures and also aid in 
the design of novel proteins with tailored functions. To study protein folding or 
unfolding, a triggering event that perturbs a protein from its equilibrium state is required. 
At the same time this triggering event needs to be faster than the events that will be 
studied; in the case of protein folding, the earliest events occur in the hundred of 
nanoseconds time regime. One of the reasons that it is important to understand the 
folding of proteins is that misfolding of proteins can lead to disease. 
Protein Folding and Human Disease 
In the cell proteins are in constant dynamic equilibrium. Many times after the 
folding process is complete, proteins will go in the reverse direction and unfold. This 
unfolding process is an important aspect of cellular control, because it provides a means 
of removing proteins when their activity is no longer required. The ability to fold, 
unfold, degrade and remove proteins rapidly is of particular importance in the regulation 
of many cellular events. A consequence of loss of these control processes is usually 
cellular malfunctioning and hence disease. Many diseases are associated with the failure 
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of proteins to fold correctly or to remain folded when they shouldn't be under a given 
physiological state. 
The discovery that amyloid deposits recovered from human tissues represent 
fibrillar forms of specific protein fragments revealed that protein aggregation was 
associated with a number of human diseases. 1,2 In parallel, the discovery that heat-shock 
proteins include chaperones that aid in protein folding, established that failure of protein 
folding is a general phenomenon, at least under stressful conditions such as elevated 
temperatures.3 There are two general classifications of diseases that arise from the 
conformational state of a protein. The first are diseases associated with the loss of active 
protein. These include Sickle-cell and other haemoglobin anaemias which arise from a 
single amino acid substitution. This substitution changes the conformational state of the 
protein and causes the protein to polymerize into large, insoluble fibers .4 Other 
conformational disorders involve the serpins,5 or serine protease inhibitors, defects in 
p53 tumor suppression (over 50% of cancers are associated with p53 defects),6,7 cystic 
fibrosis,8 and collagen deficiency diseases. 9 The second category includes those 
diseases that are associated with the accumulation of mis- or unfolded protein aggregates. 
The amyloid disorders fall into this classification; these involve build up of fibril protein 
plaques that cause neurodegenerative damage as seen in Alzheimer' s disease and 
infectious fatal prion diseases.1 0-12 Other non-amyloid aggregation disorders include 
Huntington's disease which results from N-terminus polyglutarnine repeats of the 
Huntington protein,13 amyotropic lateral sclerosis,14,15 cataracts l6 and Parkinson's 
disease. 17 To help understand, treat, and prevent these and other as of yet unidentified 
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diseases associated with protein structure, we need to better understand the process of 
protein folding . 
General Aspects of Protein Folding 
Protein folding is directed by a set of interatomic interactions that guide the 
polypeptide to its native protein state. The strongest of these interactions is the covalent 
structure of the amino acid chain. The protein folding event is a torsional search process 
of all bonds where rotation is permitted, and this search is directed by a large sum of 
nonbonded interactions and limited by sterics. A fact that most simple folding models 
overlook is that the conformation space is smaller than the number of possible bond 
rotation states due to the sterics (a low energy state with self-crossing of the backbone is 
not possible). A dorninant force in folding, and one that plays an important role in the 
early events of folding, is hydrophobic interactions. This interaction causes the nonpolar 
side chains to collapse to form a hydrophobic core; this collapse is driven by the 
entropically unfavorable interactions between ordering water molecules around the side 
chains. The patterning of the hydrophilic and hydrophobic residues in core formation 
greatly limits the phase space and, thus, dictates the range of topologies possible and 
accelerates the folding process. 
Hydrogen bonding interactions are critical for the organization of several 
secondary structural elements and ultimately tertiary and quaternary structure. The 
electrostatic forces between charged side chains, as well as the C-terminal carboxylates 
and N-terminal amine groups, are prevalent in protein structures. Electrostatic forces are 
also present in certain organized structures such as the dipole moment in the a-helix. 
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Also, the intrinsic secondary structure propensities of the individual amino acid residues 
play an important role. And, finally, the tight packing arrangement of the [mal structure 
is further guided by Vander Waals interactions. 
The collections of weaker interactions are most likely responsible for impart, 
both, nucleation events early in the folding process and also for annealing of the [mal 
folded state. These interactions are also the hardest to observe from an experimental 
standpoint and provide a major challenge for future folding experiments. The physical 
nature of non covalent interactions between atoms are understood fairly well for 
individual atoms in the gas phase and in a regular solid, but not in liquids. This is a 
consequence of the complexity of the liquid system with its constantly changing 
interactions between many molecules in transient ensembles. 
The free-energy barriers between the energetically favored conformations of a 
single residue in a polypeptide favored conformation by rotations of ¢ and lj/ are only on 
the order of 0.5 to 1.5 kcallmol. As a result, these rotations are expected to occur on the 
order of 10 12 s-1.1 8 However, because these bonds are part of a larger polymer, their 
rotation is not independent and therefore slower and more concerted. Measurements of 
relaxation times by l3C nuclear magnetic resonance indicates that the average rates at 
which individual bonds in disordered polypeptides change conformations to be ~ 1 - 2 
nanoseconds. 19 
The protein folding funnel was introduced in 1992 by Peter Leopold and Jose 
Onuchic.20 It is a conceptual model for understanding the self-organizition of a protein. 
The width of the funnel represents the conformational entropy, and the height represents 
the internal energy of a given conformation (figure 1). At the top of the funnel, the 
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protein exists in a large number of random fluctuating states that have relatively high 
enthalpy and high entropy. Progress down the funnel is accompanied by an increase in 
native-like structure that is reflected in the value Q, the fraction of native contacts made 
in the state i. Our understanding of ensemble in the upper region of the funnel is 
relatively poor, and for the most part we do not know the level of heterogeneity involved. 
As the protein reaches the bottom of the folding funnel, the heterogeneity is dramatically 
decreased, but not completely, as it 
has been shown that conformational 
sub-states are thermally accessible 
to the native protein. This is the 
folding model which, m some 
variation, has been accepted by 
most researchers . In some cases the 
information that has been obtained 
about a specific proteins folding 
funnel will need to be re-evaluated, 
taking into account the effects of 
the specific experimental conditions 
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and how they may change the shape by Peter Leopold and Jose Onuchic in 1992. The 
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The Unfolded State 
The denatured state is often presumed to be a random coil, partially due to results 
of Tanford.21 They showed that the intrinsic viscosities of 11 , 6M guanidine 
hydrochloride denatured proteins depended only on chain length and not sequence which 
points to an extended conformation. However, a growing body of evidence casts doubt 
on the universality of this assumption. 
Flory's isolated-pair hypothesis states that the backbone conformation of every 
ammo acid residue, described by its ¢ and lj/ backbone angles, is independent of the 
conformations of neighboring residues.22 If this theory is valid, then the random coil 
protein in these conditions has no structure characteristic of the native protein, which 
could be used to guide the fIrst steps of the refolding process. This view would point to 
hydrophobic collapse as being solely responsible for initiation of folding . Several 
investigators have found that this is not the case. Tanford and coworkers have used a 
number of biophysical methods to show that thermally denatured proteins in water have 
residual secondary structure that is possibly that of the native state.21 More recently, 
Hennig et al. have used NMR to show that there are hydrophobic clusters in pH 2.0, 8 M 
urea denatured lysozyme.23 Calculations by Pappu have shown that steric clashes 
among residues separated by 3-6 peptide bonds greatly limit the large number of 
backbone conformations in certain regions of the Ramachandran plot.24 Ribonuclease A 
was found by fourier transform infrared spectroscopy (FTIR) to have signifIcant 
secondary structure upon heat denaturation.25 Studies by Shortie and Engelman have 
shown that the radius of a denatured staphylococcus nuclease fragment, determined by 
small-angle X-ray scattering (SAXS), changes greatly in response to mutations, behavior 
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not expected for a random coi1.26,27 The result of these fmdings is that the denatured 
protein is sampling contacts, some of them native, and that the folding space is limited by 
self-crossing sterics. This predisposes a protein to adopt a much narrower set of specific 
backbone conformations in the unfolded state than would be predicted by Flory's isolated 
pair hypothesis. 
At the global level, the random coil state of a polypeptide consists of a wide 
distribution of conformers, some of which are highly extended but others of which are 
extremely compact, with the majority in between. In a random coil there will be a 
statistical distribution between the various possible formations, weighted according to 
their given energies. It is predicted that the probability of a given region of five residues 
in a sequence being a-helix or a f)-strand at any given time is approximately 3% of the 
time on average.28 Using more sophisticated analysis that take into account the 
secondary structure propensities for the different amino acids and the influence on the 
conformational distribution of neighboring residues results in the prediction that some 
sequences in proteins will have populations of secondary structure of up to 10% in the 
random-coil state.28 Thus, not only are some proteins predicted to be as compact as the 
native state, but some regions of the sequence are predicted to have a significant 
population of the secondary structure that they occupy in the native structure. As one 
might imagine this can have a major impact on the folding process. These sites of 
ordered structure could very well be nucleation sites in the folding event. 
The unfolded state is a crucial part of the protein folding problem, and without a 
sound modeling framework from which to formulate questions, understanding denatured 
protein behavior will be delayed. There is a need for experiments that probe the 
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molecular detail of the unfolded state; this data will be the first step in the direction of 
achieving such a framework. 
Experimental Protein Folding 
Experiments are needed to guide and test the concepts and theories used in 
simulations. The methods for doing so are not straightforward due to the extremely 
heterogeneous population of polypeptide chains in the critical early stages of the folding 
process. Another difficulty is that, although overall protein folding is in general slow 
compared with many simple reactions, it is still fast (typically milliseconds) and 
individual events can occur much faster (nanoseconds to picoseconds). Even the slowest 
of these times make traditional macromolecular structural methods difficult if not 
impossible to use. However, there are a number of biophysical techniques that have 
overcome this problem by following the development of different aspects of the 
formation of protein structure over time. For example, fluorescence spectroscopy has 
been used to follow the local environment around Trp and Tyr residues, exposure of 
hydrophobic residues, and formation of active site and inter-residue distances wi.th 
FRET.29 NMR has been used to detect the environment of individual residues on the 
millisecond time scale and longer while line-shape analysis has provided folding-
unfolding rates close to equilibrium30 (For a complete review on techniques used to 
study the structure of folding species, see 31 , 32). Such methods have lead to further 
insight into the folding problem by providing a global description of structural changes 
that take place during the folding reaction of several relatively slow folding proteins. 
Until fairly recently, these approaches have been limited to events on the millisecond 
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Table 1. Methods for initiating protein folding reaction. 
timescales or longer. To obtain more detailed information and to study faster folding 
proteins, new methods for triggering the protein folding reaction are necessary. 
In order to unravel the complexity of the protein folding process, a host of 
techniques have been developed over the last thirty years. Unfortunately, the most 
accessible method for triggering conformational changes, the rapid dilution of a protein 
into or out of a denaturant solution, is often too slow to measure the earliest kinetic 
phases due to the dead time of the mixing apparatus. Techniques to overcome this 
limitation include means for triggering proteins based on perturbations of temperature,33 
pressure,34 pH,35 heme-ligation,36 and modified side-chain disulfides37 (table 1). 
These methods have allowed for observation of shorter time scales but are limited in that 
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they require different initial and final environments, such as denaturant concentration, pH 
and temperature. Another problem is the reversibility associated with these techniques so 
that at any given data point the sum of forward and reverse reactions are being observed. 
These disadvantages make interpretation of collected data complicated and often very 
speculative. 
It is important to keep in mind that the folding reaction of an amino acid sequence 
IS not a simple chemical kinetics problem with a sirJgle reactant and product. The 
unfolded state is generally thought to be vastly inhomogeneous, composed of an 
ensemble of different conformations of the polypeptide. For a more informative study to 
be carried out it will be important to deconvolute the folding pathways based on 
differences in starting conditions. This will greatly facilitate the mappirJg of the folding 
energy landscape. 
Modem folding experiments use a variety of methods to denature a protein as 
described previously. An often-overlooked distirJction of the various irIitiation methods 
is that the unfolded states can be different based on the method used for denaturation. 
The Overlooked Effect of Using Denaturants 
The most widely studied proteins are those that fold by apparent two-state folding 
kirJetics (For a recent review see 38). In this section we will discuss the possibility of 
missed intermediates in the experimental study of proteins with apparent two-state 
foldirJg kirJetics. 
Intermediates that are present at equilibrium at low concentration will not be 
detected by most spectroscopic methods. In addition, they will not be detected by 
calorimetry if they do not build up during the thermal transition. There are many 
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examples of proteins that have stable intermediates present in water, but are not observed 
in a denaturation transition. Extrapolation of equilibrium data will result in 
thermodynamic properties of the denatured state. 
If we assume that the 
free energy of transfer of a 
peptide chain from water to 
solutions of denaturant is 
linearly proportional to the 
concentration of denaturant, 
the free energy at any 
particular concentration of 
denaturant can be given by 
G - H2O G 6 D-N - 6 D-N - illD-
Folded 
i 
A 
N 
Transition 
Region 
[Denaturant] 
Denatured 
Region 
Figure 1. Apparent two-state transitions in multistate reactions. 
The free energies of a denatured state (D) and intermediate (I) are 
plotted against the denaturant concentration, relative to that of the 
native state (N). Arrows trace the ideal path for protein folding. 
N[denaturant] where ill is a constant of proportionality (= -a(6GD_N)la[denaturant]).[pace, 
1989 #53] The result is that the denatured state is preferentially stabilized by denaturant; 
this is because the D state is more exposed to solvent than the N state. An example of 
this can be seen in the common practice of adding denaturant to solubilize aggregated 
unfolded proteins. The plot of mD-N is shown in red and mI-N is shown in purple. In this 
example, the highest energy species in the transition state region is I and so is not 
observed at equilibrium. This is also true when heat is used to denature the protein. The 
arrows in figure 1 depicts the ideal situation for a folding experiment. The denatured 
state at point C is rapidly converted to point B by the loss of the majority of the 
denaturant-protein binding interactions. Once the protein is in state B the protein folding 
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Figure 2. The top arrows trace the ideal path for a protein folding 
experiment. The lower two are cases when the time for C ~ B is 
not» than B ~ A resulting in a false folding pathway. 
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initiation events begin and 
the protein will pass 
through intermediate states 
on the way to the native 
point A. This process 
would give an accurate 
representation of a protein 
traveling down its folding 
funnel. For this to occur 
the denaturant off rate 
constant needs to be much less than the initiation rate constant. In titration experiments, 
the path A-to-C and C-to-A would always be observed. An important consequence of 
figure 2 is that for many proteins it is an artifact that they appear to follow two-state 
transitions, as under more renaturing conditions (B-to-A pathway) intermediates would 
accumulate. As folding experiments are usually carried out at the transition region, 
measurements will give information on the transition between D and N; thus, 
extrapolation of equilibrium data will give the thermodynamic properties of the denatured 
state. If calorimetry is used as a control, the same error will be present and the I state will 
never be detected. Many proteins have stable intermediate states in water, but are not 
observed during the denaturation transition. An example is barnase that has an I state that 
is more stable than the D state but only at low concentrations of denaurant. [Sanz, 1993 
#52] Figure 2 shows possible folding trajectories in the cases where denaturant off rates 
compete with folding initiation rates. 
Chapter 6: The Protein Folding Problem 125 
Throughout the process of studying protein folding and the building of hypotheses 
and theories, it is important to keep the final goal in mind. The general application is to 
be able to predict the three-dimension fold of a protein based on its primary sequence. 
More specifically, we would like to know what the fold would be of an expressed or 
synthesized protein when placed in aqueous or other solution. This will be important in 
the design of engineered proteins and reconstitution of proteins into in vitro 
environments. Eventually, we would like to know the mechanism at the molecular level 
of what occurs when a protein is synthesized in the cell and passed into the endoplasmic 
reticulum and on to other cellular environments. This will be important in structure 
prediction from genomic sequence data. These two are not the same questions. The 
initiation events in the two could be very different. In the case of in vitro folding, proper 
folding will require rapid kinetic pathways that initiate the proper fold before aggregation 
occurs. In the cell, folding is more likely to be directed by local nucleation and hierarchic 
assembly due to the sequential nature of synthesis, accessory protein interactions and 
possibly a more accommodating environment in general. This environment may change 
the thermodynamic driving force and relax the kinetic requirements to acquire a proper 
fold with respect to the in vitro case. Thus, even for the same protein sequence, folding 
mechanism may be different based on local environments. In fact, many proteins that are 
found folded in cells cannot fold in vitro. Solving the more fundamental in vitro problem 
will be a prerequisite to understanding the more complex in vivo protein folding problem. 
Ab Initio Protein Folding 
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Among the goals of computer simulations on protein systems are to understand 
the mechanism and kinetics of folding and to predict the correct native structure form the 
pnmary sequence. Computational prediction of the three-dimensional structure of 
proteins from their sequences is referred to as ab initio protein structure prediction. The 
development of such a computational algorithm was first addressed by Nemethy and 
Scheraga in 196539 and has been gaining momentum in interest and efforts ever since. 
A simulation technique that will playa key role in understanding protein systems 
is molecular dynamics. Increases in computing speed have enabled studies on the early 
stages of the mechanism of protein folding reaction for the small villin headpiece using 
all-atom, explicit solvent model,40,41 an accomplishment that just a few years ago was 
prohibitively unrealistic. The ability to discriminate between the correct native structure 
and other rnisfolds has been a major difficulty in the goal of predicting protein structures. 
Because native protein structures are determined by their free energies, which consist of 
competing enthalpic and entropic terms, standard gas-phase energies alone are unlikely to 
be effective for this purpose. 
A denatured protein makes many interactions with water and other molecules 
such as ions, small molecules and even biomolecules such as other proteins or peptides. 
As the protein begins to fold, it exchanges these solvent interactions with intramolecular 
ones. These include hydrophobic interactions, salt bridges, and formation of hydrogen 
bonds. The relative stabilization energy of a protein is difficult to calculate because its 
value is very small relative to the sum of the overall energetics. Opposing the forces that 
direct protein folding is the conformational entropy of the polypeptide chain. 
Organization of the polypeptide chain and side chains incurs a signifIcant entropic 
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penalty. This penalty is only slightly offset by the favorable interactions. As a result, 
proteins are only marginally stable with the free energy of folding typically around -4 to 
-16 kcal morl. 
To determine the stability of a protein, we have to calculate not only the 
interaction energy between any two atoms within a protein, but also this energy relative 
to the interactions that the individual atoms make with water, ions, and other molecules in 
the denatured and native states. Currently potential functions and computing power are 
not sufficient for this purpose. In order to develop the framework that will be required to 
calculate these energetics we need a better understanding of the unfolded state, kinetics 
and protein energetics. 
An alternative method is to model the protein structure by homology. Significant 
progress has been made in predicting protein structure from sequence.42 Homology 
modeling based methods have seen some of the best results in the CASP competitions. 
The basic assumption is that the unknown and the homologous template protein of known 
structure have nearly identical backbone structure in the aligned regions. Of course, the 
success of this method depends on the level of homology. With >70% homology this 
method works very well and <50% the accuracy sharply diminishes. To improve on this 
method researchers have combined this method with secondary structure threading 
techniques. However, the success of threading depends on identification of known folds . 
A quantitative treatment of folding kinetics is a prerequisite for elucidating 
mechanisms of protein folding. Even simple kinetics, like single exponential behavior, 
can be caused by a variety of different folding landscapes. Therefore the interplay 
between theoretical models and experimental results is essential in the effort to 
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understand protein folding. The aim of future experimental efforts will be to gain a better 
understanding of the very early steps of folding reactions and of the complexity of the 
transition barriers separating native from unfolded protein. 
Section II Focus 
Our knowledge of the process of protein folding has increased considerably in the 
recent years and many of the underlying principles are beginning to surface. Likewise, 
there is still much advancement needed to develop a full understanding of this complex 
process, particularly with respect to folding in complex environment such as those found 
in vivo. For future progress investigators will need to give more attention to the 
denatured state and how it effects the observed folding pathways. 
Computational methods are becoming more accurate at predicting the rates of 
folding and progress is being made towards the goal of structure prediction. Methods 
that rely on frrst principles require the type of information that will be obtained in this 
work to improve to a level where prediction would become accurate and consistent. With 
the advancing human genome project, the need for accurate structure prediction is 
apparent. The technological and medical advancements will be far reaching if we can 
decode the language relating the primary amino acid sequence to a protein' s native 
tertiary fold. Likewise, better force frelds will be important for computational predictions 
in the broader arena of protein dynamics and will be a step towards the very difficult task 
of determining protein function from structure. 
Experimental methods to study protein folding have been evolving since the 
beginning of the freld. Relaxation techniques have opened a time window that was 
previously inaccessible by rapid-flow methods. Engineering advances have brought 
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rapid-flow experiments to ultra rapid-flow status. Flash photolysis provided a new means 
for initiating folding while keeping the denaturant concentrations constant. These 
improved techniques still do not allow for the study of protein folding from a narrow 
starting state, in a non-denaturing environment. The following two chapters give two 
examples of our attempt to achieve this goal. Chapter 7 describes the masking of a 
charge-charge repulsion in the GCN4-pl peptide dimmer using the photolabile 
dimethoxy benzoin group. This novel strategy for initiating protein unfolding is then 
used to study the folding kinetics using time resolved photo acoustic and photothermal 
beam deflection. The use of a photo labile linker to denature a protein by intramolecular 
cyclization is detailed in chapter 8. The Villin Headpiece test protein is cyclized, its 
photolysis characterized and its folding kinetics followed. 
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Abstract 
A general, rapid method for triggering protein unfolding is demonstrated using the 
photolabile protecting group 3',5' -dimethoxybenzoin (DMB). This protecting group is 
introduced in a site-specific manner to block a mutation known to destabilize the GCN4-
pI coiled-coil. Upon photolysis, the unfavorable interaction is unmasked and the peptide 
unfolds, as seen in the decrease in a-helical ellipticity. Photothennal beam deflection 
and photo acoustic calorimetry reveal kinetic processes and associated volume changes 
with rates of 2 x 105 - 3 x 106 sec· l , demonstrating that this photochemical technique is 
capable of triggering rapid protein confonnational changes. Furthennore, this system 
allows confonnational triggering under native solvent conditions, in the absence of 
chemical denaturants. 
Introduction 
In order to unravel the complexity of the protein folding process, a host of 
techniques have been developed over the last thirty years to gain insight into the nature of 
the energy landscape. These techniques include means of examining the interactions that 
drive the folding process in atomic detail, (1, 2) methods for examining the behavior of 
individual protein molecules within an ensemble, (3, 4) and even methods that allow the 
measurement of the force required to unfold a single protein domain (5). In addition to 
these improved methods for detection of folded structures, much effort has been devoted 
to improving the techniques used to trigger a confonnational change in a protein for 
kinetic studies (6). For any kinetic study to be successful, the event that perturbs the 
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equilibrium must occur on a timescale much shorter than the process of interest. 
Unfortunately, the most accessible method for triggering conformational changes, the 
rapid dilution of a protein into or out of a denaturant solution, is often too slow to 
measure the earliest kinetic phases due to the dead time of the mixing apparatus. 
To simplify the study of these kinetic processes, a trigger event that is rapid, 
irreversible, and results in a large change in stability (MGO) is required. In the system 
described here, the picosecond flash photolysis of small organic chromophores, known as 
cages, from protein functional groups is employed. Instead of manipulating the external 
conditions, such as denaturant concentration, pH, or temperature, the covalent structure 
of the protein is altered in the triggering event. These phototriggers target specific 
charge-charge interactions in protein side chains. For one peptide test system, a caged 
GCN4-pl, an unfolding event is initiated on the picosecond timescale, and the subsequent 
unfolding events are observed on the microsecond timescale. The ~~Go upon photolysis 
is sufficiently large that unfolding may be observed under native conditions (zero 
denaturant, ambient temperature, neutral pH). Thus difficulties in interpreting the kinetic 
behavior due to the presence of denaturants are avoided. 
Materials and Methods 
Synthesis of DMB 
The cage 3' ,5' -dimethoxybenzoin (DMB) was prepared by a one-pot modification 
of the procedure first reported by Stowell et al. (7). A solution of 2-phenyl-l,3-dithiane 
(4.909 g, 25 mmol) was prepared in 100 mL dry THF. The solution was cooled to O°C, 
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and butyllithium (2.5 M in hexanes, 10 mL, 25 mmol) was added dropwise under 
nitrogen. After 30 min, 3,5-dimethoxybenzaldehyde (4.155 g, 25 mmol) was added. 
After an additional 30 min, the resulting lithium alkoxyanion was protonated with glacial 
acetic acid (l .5 mL, 26.3 mmol). The dithiane was then removed by the slow addition of 
mercuric perchlorate (28.346 g, 62.5 mmol) in 20 mL water. Once precipitation of the 
mercury-dithiane adduct was complete (15 min), a saturated solution of potassium 
carbonate (20.7 g, 150 mmol) in water was added. The resulting mixture was filtered 
through a bed of silica gel, and the filtrate added to ethyl acetate. The organic phase was 
extracted with a 5% sodium bicarbonate solution, dried with MgS04, and evaporated, to 
yield 6.187 g (68%) of white crystals. lH-NMR (CDCb, TMS) 8 7.95 (m, 2 H), 7.55 (m, 
1 H), 7.41 (m, 2 H), 6.49 (d, J= 2.2 Hz, 2 H), 6.31 (t, J= 2.2 Hz, 1 H), 5.85 (d, J= 4.6 
Hz, 1 H), 4.53 (d, J= 4.6 Hz, 1 H), 3.74 (s, 6 H). 
DMB 
DCC/DMAP 
Figure 1. Synthetic scheme for Fmoc-Asp(DMB)-OH. 
Synthesis of Fmoc-Asp(DMBJ-OH 
Pd(PPh3l4 
Dimedone 
A solution of Fmoc-Asp-OAll (l.186 g, 3 mmol, Novabiochem) was prepared in 
20 mL DCM (figure 1). A sample of DMB (817 mg, 3 mmol) was dried by azeotropic 
distillation from acetonitrile and added to the Asp solution, followed by DCC (619 mg, 3 
mmol) and DMAP (20 mg, 0.16 mmol). The solution was stirred for 12 h, then poured 
into diethyl ether and extracted with water. The organic phase was then dried with 
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MgS04 and evaporated. The resulting oil was redissolved in THF, and (Ph3P)4Pd(0) (343 
mg, 0.3 mmol) and 3,3-dimedone (lAO g, 10 mmol) were added under Ar. After stirring 
for 2 h, the solution was evaporated and the oil purified by flash chromatography (silica 
gel, l:l hexanes / ethyl acetate containing 1% TF A) to yield 1.195 g of a yellow oil 
(65%). If desired, this oil may be further purified by RP-HPLC (C18, A: water, 0.1% 
TFA; B: acetonitrile, 0.1% TFA). IH_NMR (CDCI}, TMS) 8 7.948 (m, 2 H), 7.745 (m,2 
H), 7.573 (m, 4 H), 7.86 (m, 4 H), 7.282 (m, 1 H), 6.996 (m, 0.5 H), 6.832 (d, J= 14.7 
Hz, I H), 6.558 (m, 2 H), 6.393 (m, 1 H), 6.098 (m, 0.5 H), 4.804 (m, 1 H), 4.387 (m, 2 
H), 4.256 (m, 1 H), 3.726 (s, 2 H), 3.708 (5, 2 H), 3.140 (m (br), 2 H) (diastereomeric). 
Synthesis ofGCN4-pl (N16D(DMB)) 
The sequence Ac-RMKQLEDKVEELLSKD(DMB)YHLEV ARLKKL VGER-
NH2 was prepared by Fmoc SPPS. The following standard side chain protecting groups 
were used: Ser(OtBu), Asp(OtBu), Glu(OtBu), Tyr(OtBu), Asn(Trt), Gln(Trt), His(Trt), 
Lys(Boc), Arg(Pbf). Coupling cycles used a four-fold excess of a 0.3 M Fmoc-arnino 
acid solution, preactivated -with 1: 1: 1.5 HBTU / HOBt / DIEA. Standard coupling cycles 
were 30 min, with the exception of the following residues in GCN4-pi peptides, which 
were coupled for 1 hr: Arg, Asp, Leu, Glu, Val. A 5 min capping cycle using a solution 
of 0.3 M acetic anhydride, 0.3 M HOBt in 10% (v/v) DCM in DMF was included 
following each coupling cycle. Fmoc groups were cleaved with 20% (v/v) piperidine in 
DMF. 
The C-terminal fragment from residues Tyr17-Arg33 was prepared on a Novasyn 
TGR Rink amide resin (Novabiochem) on a 0.2 mmol scale (figure 2). After removal of 
the N-terminal Fmoc group, the peptide resin was transferred to a 25 mL manual 
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synthesis vessel, and rinsed with DCM. The resin was treated with 304 mg 2-hydroxy-4-
methoxybenzaldehyde, dissolved in 20 mL 0.1% (v/v) acetic acid in DMF, for 15 
minutes. The resin was rinsed with 3 x 20 mL DMF, and the imide was reduced with 128 
mg NaBH3CN in 20 mL of 25% (v/v) MeOH / DMF for 1 h. The resin was transferred to 
a 10 mL manual synthesis vessel, and rinsed with DCM. The N-terrninal secondary 
H 
~EGVLKKLRAVELHy/N'FMOC 
~rotected j 2. 
0--REGVLKKLRAVELHy/NHz 
~roteCted 
j 3. H 
~ N FMOC 
• "EGVLKfRAVELHY: ) / 
Protected 0 I 
j OOMB 4. 
H 
~ N Ac \1# .,EGVLK~LRAVELHY/ 'OKSLLEEVKOELQKMR/ 
• Protected O~ ~rotected 
I 
I COMB 5. 
REGVLKKLRAyrKSLLEEVKOELQKMR.AC 
OOMB 
Figure 2. Synthetic 
scheme for the 
formation of GCN4-
pI (NI6D(DMB)). 
amine was acetylated with the preformed symmetrical anhydride ofFmoc-AspCDMB)-
OH, prepared by DCC activation (103 mg, 0.5 mmol) of a solution of Fmoc-Asp(DMB)-
OH (609 mg, 1 mmol) in 4 mL DCM. After 12 h, the resin was rinsed with 25 flL DIEA 
in 5 mL DCM, followed by DCM. Photolysis of a resin sample taken after AspCDMB) 
coupling led to formation of the expected phenylbenzofuran photoproduct The resin was 
then transferred back to the automated synthesizer for addition of the N-terminal 
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fragment of GCN4-pl , from residues Argl-LysI5. Finally, the N-terminal Arg was 
acetylated with 10 mL of20% acetic anhydride in NMP, plus 25 ilL of DIE A, for 30 min. 
After the synthesis was complete, the resin was rinsed with DCM and dried in 
vacuo for a minimum of 3 hr. Resin cleavage was performed using 92.5% TFA I 2.5% 
water I 2.5% TIS 1 2.5% EDT (v/v), applied to the resin under nitrogen for l.5 h. The 
crude peptide was isolated by precipitation in a minimum of five volumes of ice-cold 
MTBE, followed by four cycles of centrifugation I resuspension in fresh MTBE to 
remove scavengers. Typically, the crude peptide was dissolved in 50 mM Na phosphate 
buffer, pH 7.0, and any residual ether was removed under a stream of nitrogen prior to 
purification by RP-HPLC. All RP-HPLC was performed on a 10 mID x 250 mID C18 
column (Vydac), using a gradient of 0.1% (w/v) TFA in water (solvent A), and 0.1% 
TFA in acetonitrile (solvent B), to yield 16 mg (l.9%) of GCN4-pl (N16D(DMB)). 
MALDI-TOF MS [M+Ht expo 4293.98, found 4293.12. 
MALDI-TOF MS of Caged Peptide Photoproducts 
Stock solutions of GCN4-pl (N16D(DMB)) were prepared in deionized water. 
One-half of each stock solution was photolyzed for 120 sec using a 500 W high-pressure 
Hg vapor arc lamp, with a combination of Schott glass UGll and WG320 filters. The 
following m/z [M+Ht were found: GCN4-pl (N16D(DMB)) expo 4293.98, found 
4293.22; GCN4-pl (N16D(DMB)) (photolyzed 180 s) expo 4039.70, found 4039.65 . 
Peptide Preparations for Spectroscopy 
Stock solutions, prepared from dissolving lyophilized aliquots of peptide (- 0.5-1 
mg) in 200 ilL buffer (50 mM Na phosphate, 150 mM NaCI, pH 7.00), were prepared. 
Spectral overlap of the benzoinyl cage with the aromatic absorbtion bands of the protein 
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prevented concentration measurements using A260. Therefore, peptide concentrations 
were determined by BCA assays, and the peptide concentration was adjusted to 50 IlM 
for all CD and fluorescence studies. For GCN4-pl (N16D(DMB)), this stock solution 
gave an A260 of 0.618, or an A320 of 0.149, and future peptide stock concentrations were 
adjusted accordingly. 
Steady-State Circular Dichroism Studies 
Circular dichroism studies were performed on an Aviv 62A DS CD 
spectrophotometer, equipped with a Peltier thermal control unit. Wavelength scans were 
performed on freshly prepared peptide samples, followed by thermal melts. The 
spectrometer slits were closed between temperature points, to prevent photolysis of the 
sample during equilibration. A second wavelength scan following the thermal melt 
verified that no significant photolysis occurred during the experiment. The sample was 
then photolyzed to completion, as determined by the phenylbenzofuran UV absorbtion 
band at 300 nm. A second set of wavelength scans and temperature melts was performed 
after photolysis. 
Photoacoustic Calorimetry and Photothermal Beam Deflection 
Peptide concentrations were 50 IlM for both PAC and PBD. PAC was performed 
as previously described (8). All photo acoustic waves were normalized by the sample 
absorbance at the excitation wavelength of 33 7 nm. 
For PBD, the photochemistry was initiated by a pulse from a pulsed nitrogen laser 
(LSI Inc., 337 nm, 7 ns pulse width, -400 IlJ/pulse) passing nearly collinear with a 
continuous wave diode laser probe (Edmond Scientific, LDL 175, 820 nm, 3 m W). The 
probe beam emerging from the sample was focused onto a split photodiode bicell 
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detector (Centronics LD2-5T, coupled to an Analog Devices AD844 amplifier operating 
in a difference mode). The generated signal was then digitized using a Tektronix 
RTD710A 200 MHz transient digitizer coupled to an IBM-based Pc. Sample 
temperature was varied between 17 and 35°C in increments of -5°C with a constant 
temperature block regulated by a circulating water bath. Generally, the PBD system can 
resolve Volume/enthalpy changes with lifetimes ranging from roughly I Ils to 50 ms. 
The PBD data were analyzed by fitting (Sigmaplot™ software) to the following 
equation: 
F= aO+L:a;(I-exp[-khJ) (1) 
where the a; 's equal S of equation 4 for each intermediate step in the PBD studies 
(see beIO\.v). The total enthalpy of reaction is obtained by the PBD parameters where &l 
= Ehv- Q for ao and for the subsequent a; 's, &l = Q. 
ResuLts and Discussion 
Photochemical Triggering System 
The ideal conformational trigger for protein folding and unfolding studies would 
have the following properties. First, the trigger must involve a large stability change, i.e., 
a large t,t,Go. Such a large change in stability allows a wide variety of conditions to be 
examined, especially strongly native, zero-denaturant conditions. Second, the trigger 
event must be rapid. The rapid triggering studies described above suggested that some 
conformational changes might be detected on timescales as rapid as 100 ps, depending on 
the system. As a result, the ideal trigger event would be complete in less than this time. 
Third, in order to be of general applicability, the trigger must not rely on protein 
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prosthetic groups, such as hemes or metal ions that are not present in all proteins. Hemes 
in particular are to be avoided, since a heme is a significant fraction of the protein mass 
and may be expected to contribute interactions that would dominate the conformational 
change. Finally, and perhaps most importantly, the trigger must be irreversible. All 
current rapid conformational triggers (with the exception of capillary mixing) suffer from 
reversibility to a greater or lesser extent. Protein conformational changes can be 
enormously complex, with events spanning timescales from picoseconds to seconds. It is 
simply too difficult to construct an accurate kinetic framework by combining data from 
different triggering methods, each with its own observation window, when a single, rapid, 
irreversible trigger would provide the same information. Some have claimed that 
reversibility is a desired property of a conformational trigger, in that signal averaging 
from multiple triggering events is allowed (9). This would be true, if the reverse reaction 
occurred on the timescale of seconds or more, after all relevant 'conformational changes 
were complete. However, with the current systems, timescales spanning at most three 
orders of magnitude may be studied, due to reverse reactions that are too rapid. On the 
other hand, with an irreversible trigger, signal averaging may always be achieved with 
larger quantities of protein. 
One triggering technique that can meet all of the above requirements is the flash 
photolysis of a class of organic protecting groups known as cages. Irradiation of a cage 
chromophore leads to specific, irreversible bond-cleavage. Carefully placed, a cage 
group will block the reaction of interest until a photolysis pulse is applied. A number of 
cages, with a variety of photochemical properties, are candidates for protein 
conformational triggers (10, 11). One that is particularly suited for the applications 
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examined here is 3',5'-dimethoxybenzoin (DMB), first studied in depth by Sheehan, 
Wilson, and Oxford (12, 13). DMB forms carboxylate and phosphate esters that may be 
cleaved to form the free acid when irradiated from 300-360 nm. The sole photoproducts 
are 5,7-dimethoxy-2-phenyl benzofuran, and the parent acid. The photolysis of DMB 
cannot be quenched by triplet quenchers such as piperylene or napthalene, while 
unsubstituted benzoinyl esters which photolyze to yield the same products are quenched. 
Stern-Volmer analysis therefore suggests that the photolysis rate is in excess of 1010 sec-1, 
(13) and may be as high as 1012 sec-1 (14). The quantum yield of photolysis is high (0.64), 
allowing short photolysis laser pulses as multiple excitation of the DMB chromophore is 
not required. Finally, the phenylbenzofuran photoproduct is inert, so further reactions 
with polypeptide functional groups are not expected. 
Since DMB esters are uncharged, while photolysis liberates a charged side-chain, 
nMB cages may be used to target charge-charge interactions in protein side chains. If a 
particular salt bridge is critical to the stability of a protein, the carboxylate may be 
protected by a DMB cage, and then rapidly liberated by a photolysis pulse to restore the 
key interaction. In an opposite strategy, as outlined below, an unfavorable charge-charge 
repulsion may be masked by a DMB cage. The caged peptide is therefore folded; upon 
photolysis the unfavorable interaction is unmasked to commence an unfolding reaction. 
Protein System 
One peptide that serves as an ideal caging test system is the GCN4-pl leucine 
zipper (15-18). GCN4-p1 is the 33-residue peptide derived from the bZIP class of yeast 
transcription factors, that forms ahomodimeric coiled-coil in solution. The solid-phase 
synthesis of GCN4-p1 is facile, which allows caged side chains to be introduced in a site-
Chapter 7: Rapid Photochemical Triggering of Protein Unfolding in a Nondenaturing Environment 143 
Figure 3. Ribbon diagram of 
GCN4-pl dimer. 
specific manner. In addition, GCN4-pl contains a site within 
the hydrophobic interface that is a potential target for a caged 
side chain. Although the coiled-coil interface (the a- and d-
positions in the heptad repeat) consists of primarily 
hydrophobic residues , it also contains a single polar residue 
in Asn16 that fo=s a buried interstrand hydrogen bond. This 
internal hydrogen bond may either help to set the register of 
the two helices, preventing overhanging ends, or it may help 
to regulate the dimeric state of GCN4-p1, preventing the 
fo=ation of trimers and tetramers (19-22). 
Recently, DeGrado and coworkers examined Asn16 in GCN4-p1 as a potential 
site for a designed, buried salt-bridge (23) . In the proposed design, the Asn16 in one 
strand is mhtated to an Asp residue (GCN4-p1 (N16D)), while the Asn16 in the 
neighboring strand is converted to a diaminopropionic acid (Dap) or diaminobutyric acid 
(Dab). As expected, homodimers do not fo= for these peptides due to charge repulsion. 
Homodimers do fo=, however, at a pH where the bmied residue is neutral. In the 
strategy applied here, the mutant GCN4-p1 (N16D) is examined for rapid unfolding 
studies. The unfavorable charge-charge repulsion at Asp16 is blocked by a DMB ester, 
allowing the fo=ation of GCN4-p1 (N16D(DMB)) homodimers. Photolysis results in 
rapid conversion to the charged GCN4-p1 (N16D) species, with concomitant unfolding of 
the homodimer. 
Chapter 7: Rapid Photochemical Triggering of Protein Unfolding in a Nondenaturing Environment 144 
OMe 
OMe 
l2 Phenylbenzofuran 
, 2 H+ 
-0 ~cl hI b f' d oJ¢{' '--< , a,,;? d ' "f b 1 ~ ( 
e c 0- g c 
1 Unfolding 
Synthesis of Caged Peptides 
Figure 4. The photolysis scheme 
for GCN4-pl (N16D(DMB)). 
Synthesis of GCN4-pl NI6D(DMB) was hindered by aspartimide formation, a 
common side reaction that occurs under the basic conditions of Fmoc removal. The 
overall yield of the desired peptide (1 mg for a 0.1 mmol scale synthesis) was quite low, 
so the amide backbone was protected with an HMB group on Tyrl7, which protects the 
site of cyclization. Unfortunately, the required protected amino acid for Tyr17, Fmoc-
(Fmoc-HMB)Tyr-OH, is not commercially available, so the HMB group was added on 
the solid-phase according to the method of Ede et al. (24). Coupling of Fmoc-
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Asp(DMB)-OH was performed using the symmetrical anhydride. In test reactions, 
coupling efficiencies were much higher when DCM was used as the coupling solvent, as 
opposed to DMF or NMP. In this manner, the yield of GCN4-pl (N16D(DMB)) was 
increased to 16 mg from a 0.2 mmol scale synthesis (1.9%). The main side product was 
GCN4-p1 (N16D), most likely formed from partial loss of the DMB group under the 
cleavage conditions. 
The specific Rink amide used here is critical for successful synthesis of peptides 
containing DMB protecting groups. Resins from other manufacturers produced peptides 
that were cleaved at the peptide backbone adjacent to the DMB, presumably due to a side 
reaction of the cage with resin-bound cations that can form during the cleavage reaction. 
Steady-State Photolysis 
The purified peptide GCN4-p1 (N16DCDMB)) had the correct mass as determined 
by MALDI-TOF MS. To verify that the proper peptide photoproducts were created, 
additional samples were irradiated prior to MS characterization. The only change upon 
irradiation was the loss of a fragment with a m/z of254, which corresponds to the mass of 
the DMB protecting group, as expected. 
CD spectroscopy revealed that the peptide GCN4-p1 (N16D(DMB)) was 
predominantly helical prior to photolysis. Upon photolysis GCN4-p1 (N16D(DMB)) 
unfolded, as expected for a peptide with an unfavorable buried charge interaction. The 
magnitude of [8]222 after photolysis indicated that the GCN4-pl (N16D) was largely in a 
random coil configuration, with some residual helical structure. Comparison of the 
change in [8]222 with the values observed by DeGrado and coworkers indicated that 
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photolysis was 85% complete under the experimental conditions. 
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Figure 5. (A) CD spectrum of GCN4-pl (N16D(DMB». 50!J.M peptide in SO miYf Na 
phosphate, ISO mM NaCl, pH 7.00. Samples were measured before (Caged) and after 
photolysis (Photolyzed) for 90 sec under standard conditions. (B) Thermal melts of 
GCN4-pl (N16DCDMB» . 50!J.M peptide in SO rnM Na phosphate, 150 rnM NaCl, pH 
7.00. Samples were measured before (Caged) and after photolysis (photolyzed) for 90 
sec under standard conditions. 
Thermal melts of GCN4-pl (N16DCDMB» showed a cooperative melting 
transition at 7 5 °C, suggesting that this peptide is more stable than GCN4-p 1. This higher 
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melting temperature could be due to the large hydrophobic surface area of the cage, 
which may be partially buried in the folded state. In contrast, the photolyzed peptide 
GCN4-pl (N16D) did not undergo a thermal melting transition within the temperature 
range of 5 - 95°C. As a result of the quite different melting behavior of GCN4-pl 
(N16D(DMB)) and GCN4-pl (N16D), protein unfolding upon photolysis may be 
monitored in the broad temperature range of 5 - 75°C. 
Transient Kinetics ofGCN4-pl (N16D(DMB)) Unfolding 
The GCN4-pl (N16D(DMB)) peptide allows the photo initiated study of rapid 
unfolding processes. Since unfolding reactions begin from a single conformation, as 
opposed to refolding reactions that begin from a random coil ensemble, studies of 
unfolding can reveal intermediates that would be obscured in folding processes. 
Volume changes and enthalpies of unfolding for GCN4-pl (N16D(DMB)) were 
monitored by photo acoustic calorimetry (PAC) and photothermal beam deflection (PBD). 
Both techniques involve photo excitation of a molecular system of interest in which 
excess energy is dissipated by vibrational relaxation to the ground state. During this 
process, the excitation energy is converted to thermal motion of the surrounding solvent 
molecules. This photothermal heating of a solvent (such as water) causes a rapid volume 
expansion that changes the refractive index of the solution and develops an acoustic wave 
(25,26) . Additionally, volume changes in the molecular system of interest induced by a 
photoinitiated reaction also contribute to the refractive index/acoustic wave. In PAC, the 
volume expansion is monitored by detecting the accompanying acoustic wave, whereas in 
PBD, changes in the refractive index are followed optically by a probe beam. Because 
these techniques explore physically related phenomena, the mathematical evaluations of 
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the instrumental signals bare resemblance; however, only the PBD treatment will be 
given here. 
The deflection signal arising from changes in the refractive index of the sample 
can be written as 
(2) 
where A represents the geometrical parameters of the instrument, Ehv is the photon energy 
absorbed, <P is the quantum yield, p is density (g/mL), Cp is the heat capacity (calldeg K), 
Q is the heat released to the solvent by the sample upon excitation, n is the solution 
refractive index and BLlnabs is the change in refractive index due to absorption changes in 
the sample (27). The experimentally determined values (dnldT) provided by Abbate et 
al. (28) have been used here. 
In principle, the amount of heat deposited to the solvent could be derived from the 
deflection angle of the probe beam created by the refractive index gradient within the 
solution. However, in practice the amount of deflection can be quantified by comparing 
the signal amplitude of the unknown sample to that of a reference compound (27). The 
reference typically absorbs the pulse energy that is deposited, in its entirety, to the solvent 
as heat without additional photochemistry. Thus the expression of the PBD signal for the 
reference compound has no volume change terms, a quantum yield of unity and a Qrej 
term equal to Ehv, which is given as 
By using the ratio of the sample signal to that of the reference, the normalized PBD 
signal provides an expression which eliminates the instrument response factor, A: 
(SIR) *Ehv = <1>Q + <P[p(dnldp)LlV + BLlnabs}/(dnldT)(l1 pCp) (4) 
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Plotting (SIR}Ehv versus pC/(dn/dT) gives a slope proportional to the volume change and 
an intercept equal to the amount of heat released to the solvent. Since Q is the amount of 
heat released by the photoinitiated reaction, subtracting Q from Ehv (the amount of energy 
absorbed by the molecule) gives m for the reaction. In our calculations, the B!Jnabs term 
is negligible. The term, p(dn/dp), is a unitless constant (equal to 0.326 ± 0.001; 0'::; T '::;35 
aC) that is independent of the temperature range of this experiment and originates from a 
component of the refractive index change involving the volume expansion coefficient of 
the solvent, pI (51njl8PJr,. (27). Values for both the density and the heat capacity of water 
were obtained from (29). 
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Figure 6. (A) Overlay of the photothermal beam deflection traces of GCN4-pl 
(N16D(DMB)) subsequent to photolysis and the reference compound. All traces are 
normalized to the absorbance at the excitation wavelength (337 nm). Sample: (a) 13°C; 
(b) 20°C; (c) 26°C; (d) 35°C; Reference: (e) 13°C; (f) 20°C; (g) 26°C; (h) 35°C. (B) 
Plots of (a-JiCiR)* Ehv versus pCp/(dn/dT) for Cia (circles) and Cil (squares). Values for Cia 
and Cil were obtained from fitting the traces in Figure 7 to F = aO+al (J-exp[-khIJ)· 
The slopes of these plots are proportional to 6. V and the intercepts to the amount of heat 
released to the solvent. 
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For GCN4-pl (N16D(DMB)), PBD revealed a fast volume contraction of -2.6 
mL mole"l, on a timescale faster than could be resolved by the setup. This fast phase was 
followed by a single phase of volume expansion of 1.5 mL mole"l, occurring at a rate of 
1.8 x 105 sec"1 (figure 4). These results are consistent with an initial electrostrictive 
contraction of the solvent upon generation of the free carboxylate at residue 16, followed 
by a slower volume expansion upon unfolding due to exposure of hydrophobic residues 
in the core of GCN4-pl. Additional kinetic phases, with rates of 1.4 x 106 sec"1 and 3.3 x 
106 sec"l , were detected by P AC (data not shown). Importantly, photochemical cleavage 
of a DMB model compound (14) was instantaneous, as detected by both PAC and PBD, 
and therefore does not contribute to the rates measured here. 
In interpreting kinetics on the GCN4-pl, Sosnick and coworkers have suggested 
that the transition state contains little if any helical secondary structure (33). In this 
model, folding is initiated by the collision of two unstructured" monomers. In contrast, 
Steinmetz and coworkers have proposed a model for GCN4 leucine zipper folding that is 
based on a helical trigger segment (34). In addition, this group went on to show that the 
C terminus (GCN4p16-31) forms an autonomous helical folding unit that is stabilized by 
an intrahelical salt bridge (35). 
An N terminal crosslinked variant of the GCN4 coiled coil was made by Sosnick 
and coworkers (36). They used this monomeric version of GCN4 to draw the 
conclusions that folding occurs along a single pathway starting at the region closest to the 
crosslink, despite this region of the helices having the lowest helix propensity. In this 
work they present a folding model where folding occurs along multiple routes with 
nucleation sites located throughout the protein. In this model they offer that minimal 
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helix is present before productive collision of the two chains, but that approximately one-
third to one-half of the helical structure is formed in the postcollisional transition state 
ensemble. It is likely that minimal residual structure may be present under some 
conditions; however, transient helix formation in the denaturing environment may be 
required for the productive folding of the dimer. 
Matthews et al. have proposed the follo-wIDg model for the folding of GCN4-p1 
that is shown in Figure 5 (37). In this model the ensemble of unfolded conformations is 
in rapid equilibrium with a subset of conformations, I, that contain short a-helical 
stretches primarily localized in the C terminal region of the molecule. The transition 
state is a result of a productive collision between two monomers with the correct 
nucleation sites. The native state is achieved by the rapid "zippering" of the remaining 
sequence. While this model implies three-state model, it is possible that it is still 
consistent with the commonly observed two-state kinetics. The rate for formation of the I 
state is expected to be on the 10 to 100 ns time scale (38, 39). This is substantially faster 
than the association/folding step that is rate limiting and faster than the previous methods 
that have been used to study the folding process . 
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Conclusions 
In the study on GCN4-p1 presented here, the fact that photolysis of side chain 
cages can trigger conformational switching has been demonstrated. In particular, salt 
bridges are suitable targets for caging strategies, given the ease of protecting carboxylates 
by benzoinyl cages. However, some charge interactions are particularly sensitive to 
caging, making the identification of potential caging sites critical. The best targets are 
buried residues involved in charge interactions that are incapable of making local 
adjustments due to sterics. The low dielectric environment of buried sites also increases 
the stability impact of a caged residue, when compared to solvent-exposed residues. 
The general strategy of caging a buried charge interaction has been successfully 
demonstrated using GCN4-pl (N16DCDMB)), allowing rapid photochemical triggering 
of protein unfolding. Future work on triggering protein folding will focus on naturally 
occurring, buried salt bridges in synthetically accessible proteins. Some proteins that 
may be targeted include the c-Myc-Max leucine zipper heterodimer, which contains a 
buried Glu-His-Glu interaction; (30) the 434 repressor DNA-binding domain, which 
contains a buried Arg-Glu salt bridge; (31) and bacteriophage P22 Arc repressor, which 
contains an Arg-Glu-Arg triad with a completely buried Glu residue (32). 
The initial PAC experiments demonstrated that these caging methods are capable 
of triggering rapid conformational changes in proteins, allowing the observation of 
unfolding events occurring in 300 ns. Since the photolysis event itself is complete within 
picoseconds (14) (a timescale on the order of several thousand single-bond vibrations), 
triggering with benzoinyl cages is capable of revealing the kinetics of even the most rapid 
protein conformational changes. 
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A particular advantage to the flash photolysis triggering scheme is the large 
change in stability upon photolysis. For the GCN4-pl (N16D) model system described 
here, the conversion to the unfolded form was essentially complete, even under native 
solvent conditions in the absence of denaturant. The fact that unfolding kinetics can be 
measured without chemical denaturants, and with solvent conditions that are identical 
both before and after the triggering event, should greatly facilitate theoretical modeling of 
the unfolding process. 
Finally, it is important to point out that the caging techniques described here are 
not limited to proteins that may be synthesized in their entirety by solid-phase synthesis. 
Recent advances in semisynthesis methods will allow the solid-phase synthesis of short, 
side chain caged peptides, that may then be coupled to a large protein fragment. 
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Abstract 
A general method for photo initiating protein folding has been developed using the 
photolabile linker 3'-(carboxymethoxy)benzoin (CMB). We have applied this strategy to 
the 35 amino-acid headpiece subdomain of the actin bundling protein Villin, creating a 
denatured or non-native state of the peptide by cyc1izing the N-terminus to a cysteine 
introduced 12 residues away using the CMB. Since destabilization of the native state is 
accomplished by the conformational constraint of a head-to-side chain cyc1ization, the 
refolding of the Villin headpiece can be initiated by rapid photolysis of the CMB linker 
and the folding process studied in real time in the absence of added denaturants. Upon 
irradiation (306-355 nm), the photoproduct benzofuran is observed along with a 
concomitant increase in the a-helical ellipticity. This work demonstrates a general 
methodology for studying early events in protein folding . 
Introduction 
The early kinetic events of protein folding are an important part of the folding 
pathway, yet our understanding towards the process is limited. Information from the 
study of these early events can allow us to distinguish between the various models that 
have been proposed to describe the folding of a protein in real time. Unlike "typical" 
chemical kinetics with well-defined initial and final states, the initial state of a denatured 
protein is relatively ill defined. This uncertainty introduces ambiguity in the 
interpretation of the experimental data on the early events in protein folding. Towards 
developing a unified theory of protein folding, it is necessary to begin the observation of 
the refolding process from a well-defmed initial state, trigger folding as rapidly as 
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. possible, and to follow the protein in real time as it samples its confonnational space over 
its highly complex free-energy landscape. 
Traditional stopped-flow methods have been employed to follow the kinetic 
course of protein folding reactions. However, such experiments are limited in time 
resolution and in that an external denaturant are used to achieve a non-native state. It is 
not known exactly how denaturants interact with a protein and how they affect the kinetic 
pathways. In addition, substantial refolding occurs during the dead time of mixing in the 
stopped-flow experiment. To circumvent the time domain limitation, several groups have 
recently developed strategies based on temperature) pH2 or pressure jumps,3 flash 
photolysis of heme ligands,4 photoreduction of metalloproteins,5 and the photolysis of 
engineered disulfides6 (for a recent review see ref. #7, 8). Although the above 
techniques have provided insight into protein folding, few studies have been done in the 
A 
B 
Q 
Figure 1. Three methods 
for denaturi ng a protei n 
using photolabile protecting 
groups: (A) Head-to-tail 
cyc1ization; in this method 
the conformational 
constraint of having the N 
and C-terminus next to each 
other prohibits proper 
folding. (B) Side chain 
protection; the steric bulk of 
the cage probibits proper 
core packing. (C) Head-to-
side chain cyclization; the 
structural arrangement of 
the protein is dictated by the 
site of ligation. Once the 
linker is photocleaved the 
protein assumes a linear 
form that is free to form tbe 
native structure. 
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absence of denaturant. A general method to study the early events of folding in greater 
detail requires irreversibility, applicability to non-metalloproteins, fast triggering, and the 
elimination of external denaturants. 
Our strategy for the initiation of protein folding is based on the picosecond flash 
photolysis of an organic photoprotecting group. Three general methods for denaturing a 
protein can be envisioned using such a photo-trigger (figure 1). The first uses the 
photo labile protecting group as a linker to cyclize the protein of interest from the N 
terminus to the C terminus. This approach will be applicable only in cases where 
bringing the N terminus and C terminus together sufficiently disrupts native structural 
elements. This disruption is more likely to occur when a considerable distance separates 
the N terminus and C terminus (ideally, they would lie on opposite sides of the protein). 
The second strategy involves placing a photoprotecting group on a side chain that resides 
in the core of the native structure. Thus, steric bulk of this group will prohibit proper 
hydrophobic packing and a unfolded state will result. It is likely that in many cases this 
strategy will result in a molten globule state as the hydrophobic collapse event is still 
likely to occur. The third general strategy involves head-to-side chain cyclization and 
likewise side chain-to-side chain cyclization. This method should make it possible to 
disrupt regions of a protein' s fold and in some cases result in an almost completely 
unfolded state (no native contacts present). Each of these approaches for using photo-
protecting groups to denature proteins has its own unique advantages and disadvantages. 
It is predicted that synthetically the side chain protecting technique will be the most 
chemically tractable yet the less useful for mapping the energy landscape (at least near 
the top of the folding funnel) . The third method has more flexibility in terms of sites for 
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cyclization and therefore the number of possible starting conformations. This will be the 
method employed in this work. 
Results and Discussion 
A photo labile-protecting group that has been derivatized to act as a linker may be 
placed within a cyclic form of a protein of interest. If chosen correctly, the resulting loop 
conformation will prohibit proper folding of the protein. Thus, instead of manipulating 
the external conditions, such as temperature, pH, or denaturant concentration, the 
covalent structure of the protein is altered to yield a conformationally constrained 
unfolded state. During the triggering event the linker is irreversibly cleaved to yield the 
"linear" amino acid sequence that is free to fold into the native protein structure. 
Photo labile Linker 
In 1971 Sheehan et al. showed that esters of 3',S'-dimethoxybenzoin undergo 
efficient and clean photolysis under near-UV illumination,7,8 and can thus serve as 
photo labile protecting groups, otherwise known as caging compounds (figure 2). The 
products of this photolysis are the phenylbenzofuran and the "free" form of the caged 
molecule, often a carboxylic acid. It has been shown that this compound can be used as 
an effective phototrigger for the spatially and temporally controlled release of 
biologically active compounds. This 
phototrigger IS attractive when MeO 
compared to the alternative 0-
nitro benzyl derivatives due to its 
7 ROH + 
'" I Me0'QO-O 
OMe 
3',S'-dimethoxy-
benzoin 
~ I ""~ 1"l 
h ° _ 
OMe 
R ; phosphates. 
carboxylic acids 
Figure 2. Derivatized Benzoin as a photolabile 
solubility, the rapid rate of protecting group for phosphates or Carboxylic acids. 
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photorelease, and the formation of biologically compatible side products. Upon 
excitation of the derivatized benzoin, an intramolecular rearrangement occurs to yield the 
photoproduct benzofuran and the desired "free" molecule. 
This protecting group has been converted into a linker by derivatization of the 
benzoin ring to give 3'-(carboxymethoxy)benzoin (CMB, Scheme 1, 1).9 Benzoinyl 
cages have the following properties which make them well suited for these studies: high 
quantum yields (0.6-0.7); inert photoproducts; good water solubility; and fast photolysis 
The strategy described here involves forming a small loop from the N-terminus of 
a protein to an internal amino-acid sidechain using CMB as a linker. To achieve selective 
linker attachment and subsequent cyc1ization of the peptide, the general synthetic strategy 
outlined in Scheme 1 was used. The fIrst step in this method was to derivatize protected 
CMB (1) with a reactive chemical functionality to form a competent linker. 
o 
~H~ 
OH 
3 
o 
~H~ Y 
OTBDMS 1 
iv 
OTBDMS 
2 
R = CH,COOtBu R = CH,COOtBu 
o 
Br(?p~O ,y 
""I 
I "> ~ 
.6 0 
I 
OR 
R = CH,COOIBu 
Scheme 1. Synthesis of BrAc-CMB. 
Reagents: i: TBDMSCl, Et3N. ii: a) Phenyl dithiane lithium anion; b) H20. iii: BrCH2COOtBu, 
TBAP. iv: Hg(Cl04)z, H20. v: a) Ac20, DMAP. vi: TFA. 
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The dithiane protected, tert-butyl ester benzoin was synthesized according to the 
methods of Rock and Chan with some variation.14 A linker may be derived from this 
compound by incorporation of a carboxylic acid moiety. Thus, in compound 4 a carboxy 
group has been added to the 3' -methoxy substituent, in a similar fashion as the water 
soluble BCMB described in chapter 4. This new group provides the second functional 
group for linkage through amide or ester bond formation. The benzoyl ring was left 
unsubstituteci, as the results of Sheehan et al. showed that such substitution lowers the 
overall photolysis yield. 
The synthesis of compound 6 proceeded as outlined in Scheme 1. The phenolic 
oxygen of 3-hydroxybenzaldehyde is fIrst protected by base assisted halide displacement 
to produce 1. This TBDMS ether eliminates dianion solubility problems. Addition of2-
phenyl-1,3-dithiane to 1, via the lithium anion, was used to form the dithiane 2. TIlls 
process is effective at protecting the benzyl ketone during the following step. The 
phenolic hydroxyl was selectively alkylated by treatment with TBAF in the presence of 
tertbutyl bromo acetate, to yield the tertbutyl ester 3. It was found that the overall yield 
was improved with the dithiane being hydrolyzed before the acylation step, hence the 
dithiane was removed with the addition of flouroboric acid and mercury(II)oxide to 
produce compound 4. A Halide group provided the second site for linkage. The 
activated esterifIcation of tert-butyl ester protected CMB with bromo acetic acid was 
mediated by the addition ofDCC to provide 5. This was followed by the cleavage of the 
tert-butyl group with 50% TFA yielding the desired bromoacetylated linker 6. This 
derivatized benzoin serves as the sulfhydryl-selective cross-linking function for the 
preparation of the cyclic peptide. 
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Scheme 2. General 
cyclization strategy using 
BrAc-CMB. 
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Peptide Cyclization 
The general cyclization strategy for using 
compound 6 to cyclize a polypeptide from the N 
terminus to a cysteine side chain is depicted in 
scheme 3. In this procedure the fully side chain 
protected polypeptide is synthesized by standard 
solid-phase peptide synthesis, with the cysteine 
selectively protected by a weak acid-labile 
protecting group. Once the full-length peptide is 
synthesized and the terminal Fmoc group removed, 
the BrAc-CMB linker is attached to the N-terminus 
of the synthetic peptide through standard 
condensation coupling. The acid-labile Cys 
protecting group is selectively removed to produce 
the free thiol in 8. Finally, cyclization through 
thioether formation is achieved using a non-
nucleophilic amine base in an organic solvent. Upon 
Scheme 3. Detailed on-resin 
synthetic scheme. Cys selective 
protection followed by site-
specific cyclization. 
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completion, the resin was rinsed and neutralized. The peptide was cleaved from the solid 
support and purified by reverse-phase HPLC to yield the cyclized peptide 9. This 
cyclized product is expected to eliminate the native tertairy fold of the protein. The use 
of a rapid light pulse of the correct frequency will cleave the photo linker and provides for 
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a convenient means for rapid initiation of protein folding with spatial and temporal 
resolution to produce the modified protein 10. 
This form of the native protein has two noticeable differences: First, the 
photoproduct benzofuran is attached to the N-terminus. It is predicted that this 
modification will have little effect on the folding mechanism. The second difference is 
that the non-native carboxymethyl cysteine results at the cleavage site. This modified side 
chain is a thio-ether analog of glutamic acid. Thus, the most likely targets for cyclization 
will be surface glutamic acids or aspartic acids that do not form salt bridges. The 
carboxymethyl cysteine should have very little structural consequences for the final 
folded state. This may be checked by comparing the thermodynic stability of the 
mutation. A method to determine if this mutation affects the folding transition state 
would be to perform mutational <D analysis on the protein using a different initiation 
method. However, it is predicted that the small difference of introducing a sulfur atom 
into glutamic acid will not significantly change the transition state. 
At this time selective loop formation of the peptide must be made synthetically 
due to the wide variety of nucleophilic side chains present. However, with recent 
advances in protein synthesis and semi-synthesis, this technique can be applied to study 
virtually any protein. The synthesis of the peptide was performed using Fmoc-based 
chemistry, taking advantage of the flexibility it incurs on cysteine protection. To access 
the usefulness of this method, a small synthetically accessible protein is desired. 
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Met 12 N-terminus 
90° rotation 
Figure 3. Ribbon diagram of the villin headpiece subdomain. Figures were generated using 
Molscript (pdb accession code 1 vii). 
Villin Headpiece Subdomain 
To demonstrate this general approach, we have used the small a-helical villin 
headpiece subdomain (figure 3).15 This autonomous monomeric folding unit consists of 
35 residues, is highly thermostable (T m -70°C), and forms a compact primarily a-helical 
structure. This villin subdomain is expected to fold rapidly, and as such has been used as 
a model protein in a microsecond molecular dynamics simulation. 16,17 Residue Met 12 
was chosen for mutation to Cys due to its close proximity in sequence to the N-terminus 
and its apparent high solvent exposure as shown by the NMR structure.1 8 Accordingly, 
the peptide VHP-34 M12C was prepared with the N-terminal bromoacetylated CMB 
group attached. Cyclization and cleavage of the peptide and protecting groups, as 
described above, yielded the cyclic form of the peptide (cVHP-34 MI2C-CMB, see 
materials and methods for sequence). Upon photolysis, the cyclized peptide was cleaved 
to yield the "linear" form containing a carboxymethylcysteine at residue 12 (5), a solvent-
exposed position where a charged residue should be tolerated. 
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Steady State Photolysis 
To evaluate the secondary structure of the cVHP, steady state photolysis was 
carried out and UVlVis and CD spectra were recorded. Irradiation of the cVHP-34 
revealed a spectra indicative of a clean conversion of the benzoin to benzofuran, an event 
that corresponds to the conversion of the cyclized peptide to the "linear" form. Two 
isosbestic points were present throughout the course of photolysis. This conclusion is 
corroborated by the molecular mass of the peptide before and after the photolysis, which 
were found to be 4191.9 and 4191.2 amu, respectively. The CD spectra (figure 4) before 
photolysis (B) and after (E) show the expected formation of a-helical secondary structure 
concomitant with the photolysis event. The change in helix content was approximately 
50% for this 12 residue loop form of the villin headpiece. 
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Figure 4. Steady-state photolysis of 28 .uM cVHP M12C-CMB (4) in 10 roM NaP04 buffer, pH 
7.4, irradiated from 300 to 400 nm using a filtered high-pressure mercury vapor arc lamp. Linear 
form at 95°C (above the melting temperature of VHP-35) (A); cyclized form, irradiation time (s): 
(B) 0, (C) 10, (D) 30, (E) 90. Inset UV spectra. 
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Modeling of the Cyclized Structure 
Examination of our cVHP-34 M12C-CMB model reveals that it is possible to 
maintain a hydrophobic core in the cyclized form of this very stable small protein. The 
NMR structure was used to build a model of cVHP34 MI2C-CMB. This model has 
retained the C-terminal a-helix and some of the Proline tum of the original NMR 
structure (figure 5). The native hydrophobic contacts are not present, but a looser 
hydrophobic clustering is evident. This model shows that it is possible to maintain a 
conformation that can allow for hydrophobic packing. It is likely that the cyclization 
eliminates the a-helix content contained in the first 12 residues, disrupts the rest of the 
middle helix, and only partially disrupts the other C-terminal a-helix primarily by taking 
away specific tertiary interactions. 
Although cyclization did not eliminate all native structure in this very stable small 
protein, it is likely that it could in other proteins. With typical free energies of folding 
around that of a few hydrogen bonds, the cyclization of the protein will, in many cases, 
be enough to disrupt the balance of the global fold. 
hu 
.. .. 
Folding 
Figure 5. Computer generated model of cVHP-34 MI2C-CMB . The structure was 
minimized and then heated to 1000 K to unfold the native structure. This was 
followed by a 300 K annealing phase to give the shown model. 
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Kinetics of Photolysis 
To ascertain the time course of the structural response of the peptide following 
linker cleavage, we have utilized time-resolved photoacoustic calorimetry (PAC) and 
photothennal beam deflection (PBD), two methods that are sensitive to photochemically 
induced volume changes.1 9,20 Deconvolution of the experimental PAC data revealed 
two kinetic phases with time constants of approximately 100 and 400 ns (raw data 
presented in materials and methods). PBD measurements revealed that the folding 
process was essentially complete within the dead time of our experimental setup (-10 
flS). It is likely that fast helix fonnation was responsible for at least one of the phases in 
the observed PAC signal. 
The observed rates of folding are in accord with existing theory and experiment. 
Based on a length dependent diffusion calculation with an alpha-helical correction, this 
peptide is predicted to fold between approximately 15-100 flS :21 The two nanosecond 
phases observed by PAC are of the same magnitude as experimental and theoretical rates 
based on helix-coil transitions and other fast folding experiments. Although the helix-
coil relaxation rates yield important infonnation, it is necessary to follow the coil-helix 
transition to obtain specific infonnation about nucleation and chain propagation rates. 
A molecular dynamics simulation was perfonned on the villin headpiece.16, 17 In 
this work Duan and Kollman used an all atom representation of the villin headpiece with 
3000 water molecules to perfonn a 1 us (0.5 billion integration) folding trajectory. Their 
starting structure was generated using the NMR coordinates in a 1 ns molecular dynamic 
simulation carried out at 1000 K to produce an unfolded model. The resulting unfolded 
state contained very few native contacts «3%) and no helical content. However, the 
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tum fonned by Asn20-Leu2l-Pro22 and Leu23 was partially retained. The trajectory 
began with an initial burst phase (60 ns) in which the amount of helical content increased 
to 60% of that in the native state and the native contacts increased to -45%. They report 
that this initial phase is most likely driven by burial of exposed hydrophobic surface. 
Within 20 ns their in-silico structure went from a 10.7 A mainchain nns deviation to 
below 6 A. The structure that resulted at this stage consists of three short helices and 
these are held together by hydrophobic clusters. However, these hydrophobic clusters are 
different than those found in the native structure and result in a loosely packed core. This 
state labeled as a possible intennediate lasted until about 400 ns and then a slow 
expansion was observed to give structures with mainchain nns deviations of 15 A. It is 
uncertain whether this "adjustment" phase is a real representation of a folding process or 
an artifact of the calculation. 
In a following paper by Kollman et ai. they used , a combined molecular 
mechanical/continuum model to estimate the free energies of the unfolded, folded and 
intennediate states of the villin headpiece.22 Taking structural ensembles from their l-)1s 
molecular dynamics folding simulation for the unfolded state and an intennediate (the 
lowest energy species found during the simulated trajectory) along with a 100-ns control 
simulation on the native structure, they calculated the native ensemble to be -26 kcal/mol 
more stable than the folding intennediate and -39 kcal/mol more stable than the random 
coil ensemble. With an experimental estimate free energy of denaturation of 3 kcal/mol, 
they approximate the non-native degeneracy to lie between 1016 and 1025 . They propose 
a model for the folding kinetics based on their calculations that involves the unfolded 
state collapsing down to a compact stable intennediate around 200 ns and then a 
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transition state that lies around 700 ns followed by a first-order exponential decay to the 
native state. If this is the case, then they predict a half time for folding of 1.05 J.ls which 
gives a transition from the unfolded state to 90% folded in approximately 4.2 J.ls. In lines 
with their earlier work, if the protein does not undergo smooth first-order decay but 
instead continues to fall into metastable intermediates until it reached the native structure, 
the predicted range of folding times is 10-100 J.ls. Based on a conformational random 
search of the folding space, Kuntz et al. predict that the folding will be a millisecond time 
scale event.23 Howeyer, they go on to recognize that the slope of the folding funnel 
should increase the rate 1-2 orders of magnitude above random exploration rates. 
The experimental kinetics from this work may indicate that the first of these three 
scenarios is the correct one. The -100 ns phase that we observed could correspond to the 
200 ns compact intermediate collapse, and our -400 ns phase could be the protein 
traveling over the predicted 700 ns transition barrier. The small discrepancies in the 
actual times are within the experimental error of the PBD measurement and the described 
calculations. However, there are other folding mechanisms that could explain the 
observed kinetics and several assumptions have gone into the calculated numbers, which 
may not be completely correct. In addition, it is not clear how the cyclized unfolding 
state affects the overall folding mechanism and kinetics. It is possible that the unfolded 
state is already close to the compact intermediate state which would result in overall 
faster rates to the fully folded state in mechanisms where the initial folding events are 
collapse to a compact core. In order to make the kind of comparisons that can validate 
computation predictions, it will be necessary to get molecular detail of the folding 
process. 
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The most recent work by Kollman and coworkers on the VHP begins with the 
rosetta algorithm (homology modeling) and ends with the all atom molecular dynamics 
simulation.24 This method was able to take one of four starting structures (no bias) to a 
structure with 1.4 A backbone rmsd from the experimental structure. It seems likely that 
as computers become more powerful and molecular dynamic methods are refmed, 
structural prediction will become more powerful. The prospect of predicting a structure 
"\!vith correct side chain conformation and larger multidomain structures appears to be a 
long way off. To accomplish this goal we will need a more detailed picture of folding 
mechanism; kinetic experiments will continue to play an important role in this task. 
Often kinetics, and not thermodynamics, determine a protein's physiological structure. 
Conclusions 
The head-to-side chain cyclization strategy outlined here has several advantages 
for the rapid triggering of protein folding reactions. The synthetic scheme allows the 
somewhat sensitive BrAc-CMB group to be introduced at the end of the solid-phase 
synthesis process. With this technique loops of varying size may be formed, including 
small, synthetically accessible loops. Finally, the irreversible triggering event allows us 
to monitor the entire refolding process without kinetic competition from the reverse 
triggering reaction that was observed in earlier studies.1-5 We are particularly interested 
in determining the effects of the initial unfolded state on the observed kinetic pathways. 
Our cyclization approach enables us to confine the protein to a subset of phase space, 
thus making it possible to map out sections of the folding landscape. In contrast to 
traditional folding experiments that start from an ensemble of unfolded states around the 
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top of the funnel, this technique has the potential to discern between folding occurring in 
series or parallel pathway processes (as discussed in chapter 6). If cyclization at different 
locations leads to different folding mechanisms, then this would support the idea that the 
folding landscape has parallel pathways on the energy landscape that are being sampled. 
Likewise, if the rates and mechanisms remain unchanged, this would indicate a 
convergent series process. 
Although cyclization did not eliminate all native structure in this very stable small 
protein, it is likely that it could in other proteins. With typical free energies of folding 
around that of a few hydrogen bonds, the cyclization of the protein will, in many cases, 
be enough to disrupt the balance of the global fold. 
The goal of this work is to determine the sequence of intermediates and their rates 
of interconversion and to characterize their structures and energetics with as much detail 
as possible to provide the essential basis for calculations and simulations. While the 
work outlined herein has the ability to answer many general questions regarding protein 
folding, it will be necessary to study several different protein systems. Solving this 
complicated problem will require the study of proteins with different folds, number of 
domains, and oligomerization states. Most likely, proteins with structural differences will 
have differences in folding mechanisms. Application of the techniques detailed in this 
chapter and chapter 7 to larger proteins is a realistic goal with recent advances in 
semisynthesis and chemical synthesis of proteins. This technique is not limited to 
aqueous media; therefore, the effect of viscosity and the effects of added denaturants on 
folding can be studied in alternative solvent systems. This method allows for the study of 
protein folding under more physiologically relevant conditions. 
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In summary, we have demonstrated an irreversible rapid triggering method to 
study protein folding that utilizes a conformational constraint to achieve an unfolded state 
so that the use of denaturant is unnecessary. 
Materials and Methods 
Note: VHP-34 M12C prepared with the N-terminal bromoacetylated CMB group 
attached = (BrAc-CMB)-LSDEDFKA VFGCTRSAF ANLPL WKQQLKKEKGL-NH2. 
To minimize the differences between the VHP-35 and the relinearized peptide product, 
the N-terminal Phe in the VHP-35 was not included as part of the cVHP-34 MI2C-CMB. 
This truncation was justified on the grounds that the photo lysed benzofuran with its 
aromatic rings would roughly substitute for the terminal Phe in the native protein. 
Synthesis of protected CMB 
3-(tert-Butyldimethylsilyloxy)benzaldehyde (1) 
To a solution of 3-hydroxybenzaldehyde (12.21 g, 100 mmol) in 600 mL THF 
was added tert-butyldimethylsilyl chloride (TBDMSCI, 18.84 g, 125 mmol). The 
solution was cooled to O°C and triethylamine (12.65 g, 17.4 mL, 125 mrnol) was added 
dropwise. The reaction mixture was brought to room temperature and stirred 5 hours. 
The mixture was filtered and the THF removed under reduced pressure. The oil was 
repeatedly dissolved in 200 mL portions of THF and evaporated, until no more 
triethylamine hydrochloride precipitated. The oil was then dissolved in 150 mL diethyl 
ether, filtered through a plug of neutral alumina and activated charcoal to remove the salt 
and the yellow color, and evaporated. The colorless, mobile oil was dried in vacuo 
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overnight. Yield: 21.43 g (91 %). IR: 1703, 1583, 1482, 1278, 1145,840 cm-1. 1H NMR 
(CDCI3, TMS) I) 9.927 (s, 1 H), 7.447 (d, J= 7.50 Hz, 1 H), 7.379-7.335 (m,2 H), 7.096-
1~ 7.074 (m, 1 H), 0.994 (s, 9 H), 0.215 (s, 6 H). .JC NMR (CDCI3, TMS) I) 191.60, 
156.34, 138.03, 130.03, 126.34, 123.46, 119.70, 25.59, 18.12, -4.52. Anal. Calcd for 
C13H2002Si: C, 66.05; H, 8.53. Found: C, 66.13; H, 8.53. 
(±)-1-Hydroxy-l-(3-tert-butyldimethylsilyloxyphenyl)-2-phenyl-2 -(1,3-dithian-
2-yl)-ethane (2) 
A solution of 2-phenyl-l,3-dithiane (15 .71 g, 80 mmol) in 125 mL THF was prepared. 
The solution was treated at O°C under a nitrogen atmosphere with 40 mL of n-
butyllithium (2.0 M in cyc1ohexane, 80 mmol). After 30 min, 1 (18.91 g, 80 mmol) was 
added. The solution was stirred for 1 hr. at O°C, then poured into 100 mL of 1 N HCI and 
extracted with methylene chloride (4 x 50 mL). The organic phase was washed with 
brine, dried with MgS04, filtered through a plug of activated charcoal and silica gel, and 
evaporated under reduced pressure. The resulting oil was crystallized from ethanol / 
water to form a white powder. Yield: 28.98 g (84%). mp 75-76°C. IR: 3449 (br), 1601, 
1484, 1275, 1152, 834 cm-1. IH NMR (CDCI3, TMS) I) 7.70 (d, J= 7.50 Hz, 2 H), 
7.308-7.235 (m, 3 H), 6.937 (t, J = 7.79 Hz, 1 H), 6.682-6.660 (m, 1 H), 6.427-6.404 (m, 
2 H), 4.926 (d, J =3.73 Hz, 1 H), 2.936 (d, J = 3.76 Hz, 1 H), 2.739-2.610 (m, 4 H), 
1.942-1.879 (m, 2 H), 0.935 (s, 9 H), 0.111 (s, 6 H). 13C NMR (CDC13 , TMS) I) 154.43, 
138.89, 137.47, 130.42, 128.00, 127.69, 127.36, 121.23, 119.89, 119.54, 80.74, 66.36, 
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27.22, 26.93, 25.65, 24.69, 18.03, -4.40. Anal. Calcd. C23H3202S2Si: C, 63.84; H, 
7.45. Found: C, 63.83; H, 7.26. 
{3-[Hydroxy-(2-phenyl-[1,3Jdithian-2-yl)-methylJ-phenoxyJ-acenc acid tert-butyl 
ester (3) 
A solution of2 (19.467 g, 45 rnmol) and tert-butyl bromo acetate (10.971 g, 56.25 rnmol) 
was prepared in 150 mL dry THF. The solution was cooled to O°C, and 
tetrabutylarnmonium fluoride (1 Min THF, 47.25 mL, 47.25 rnmol) was added dropwise 
under nitrogen. After stirring for 12 h, the solution was poured into 300 mL diethyl ether 
and extracted with a total of 1.5 L water. The organic layer was dried with MgS04 and 
evaporated. The residue was dried overnight under vacuum to yield 20.698 g (100%) of 
2 as an oil that slowly crystallizes upon standing. IH_NMR (CDCh, TMS) 8 7.688 (m, 2 
H), 7.292 (m, 3 H), 7.050 (t, J= 7.9 Hz, 1 H), 6.794 (m, 1 H), 6.549 (d, J= 7.6 Hz, 1 H), 
6.307 (s, 1 H), 4.962 (s, 1 H), 4.371 (s, 1 H), 3.032 (s, 1 H), 2.678 (m, 4 H), 1.927 (m, 2 
H), 1.498 (s, 9 H). 
3 '-(carboxymethoxy)benzoin-otBu (4) 
A solution of (±)-I-Hydroxy-l-[3'-((carboxymethoxy)tert-butyl)benzoin 
(5.0 g, 14.2 mmol) in 5 ml of THF is added to a solution of mercury (II) oxide (5.04 
g, 23.3 mmol) and fluoroboric acid (12.26 ml, 35% aqueous soln.) in 15 ml of THF. 
After 5 minutes of stirring at room temperature the solution is filtered and 
concentrated to 5 ml. The crude product was brought up in ether and washed 
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with 10% NaOH, 10% KI, and H20. Water was removed using a brine wash and 
treatment with MgS04. An off white solid (3.48 g, 72%) was obtained after 
solvent removal. (IH NMR (CDCls, 300 MHz) 8 7.896 (d, ] = 6.9 Hz, 2 H), 8 7.525 
(t, ] = 7.5 Hz, 1 H), 8 7.394 (t, ] = 7.20 Hz, 2 H), 8 7.239 (s, 2 H), 8 6.976 (d, ] = 7.8 
Hz,l H), 8 6.873 (t, 1 H), 8 6.811 (d, ] = 8.1, 1 H), 8 5.903 (s,l H), 84.462 (s, 2 H), 8 
1.456 (s, 9 H). 
Synthesis of BrAc-CMB 
[(::t)-O-bromoacetyl-3 '-(carboxymethoxy)benzoin] (5 and 6) 
A solution of 3'-(carboxymethoxy)benzoin-OtBu (685 mg, 2 mmol) and 
bromo acetic acid (694 mg, 5 mmol) was prepared in 10 mL DCM. This solution was 
treated with DCC (866 mg, 4.2 mmol). After 12 h, the resulting suspension was filtered, 
and the filtrate was poured into diethyl ether. The organic phase was washed with 5% 
sodium bicarbonate and water, dried with MgS04, and evaporated. The residue was 
treated with 1: 1 TF A / DCM for 45 min, then evaporated. The crude BrAc-CMB was 
purified by flash chromatography (silica gel, 1: 1 hexanes / ethyl acetate) to yield 629 mg 
(70%) as an oil. Rf= 0.25 (1/1 hexanelEtOAc); IH NMR (CDCi], 300 MHz) 8 7.906 (d, J 
= 7.2 Hz, 2 H), 8 7.508 (t, J = 7.5 Hz, 1 H), 8 7.383 (t, J = 7.20 Hz, 1 H), 8 7.286 (t, 1 H), 
87.103 (d, J= 5.70 Hz, 1 H), 8 7.056 (t, 1 H), 8 6.887 (d, J = 8.4 Hz, 1 H), 8 6.865 (s, 1 
H), 8 4.672 (s, 2 H), 8 3.99 (d, J = 1.8 Hz,2 H); HRMS (FAB) mlz (MNa+) cacld. 
428.9950, obsd. 428.9957. 
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Peptide Synthesis and Cyclization 
All peptides were synthesized using Fmoc chemistry on a Perceptive Biosystems 
model 9050 peptide synthesizer. Standard side chain protecting groups were used except 
for the mild acid labile Cys(Mmt). All couplings were performed using a four-fold excess 
of a 0.3 M Fmoc-amino acid solution, preactivated with 1: 1: l.5 HBTU / HOBt / DIEA. 
Fmoc groups were cleaved with 20% (v/v) piperidine in DMF. VHP-34 was prepared on a 
0.2 mmol scale, using Novasyn TGR© Rink amide resin (Novabiochem). Once the 
synthesis was complete, the resin was rinsed with DCM and dried. A resin sample was 
cleaved using 95% TFA / 2.5% TIS / 2.5% water / 2.5% EDT, and the crude peptide 
isolated and characterized by MALDI-TOF MS ([M+Ht expo 3883.51, found 3883.42). 
The peptide on resin (0.025 mmol) was capped with BrAc-CMB-OH (200 mg, 0.5 mmol) 
using 75 mL DIPCDI in 3 mL DMF until a ninhydrin test on a small aliquot indicated 
completion of the amide bond formation, 12 hrs. The resin was then rinsed -with 3 x 5 mL 
DMF followed by 3 x 5 mL DCM. The cysteine Mmt protecting group was then 
selectively removed with 5 x 3 mL treatments (10 min ea.) of the resin with 2% TFA / 2% 
TIS (v/v) in DCM. Deprotection was determined to be complete when the solution 
remained colorless after the addition of the deprotection mixture. The peptide was rinsed 
extensively with DCM, then cyclized for 24 hrs, by treating the resin with 5% (v/v) DIEA 
in NMP. After cyclization, the resin sample was rinsed with DCM, dried, then cleaved 
using 95% TF A / 2.5% TIS / 2.5% water / 2.5% EDT. The peptide products were 
collected by four cycles of precipitation into MTBE followed by centrifugation. M..ALDI-
TOF MS, [M+Ht expo 419l.8 found 4191.94 (monoisotopic) . The crude peptide was 
dissolved in 50 mM Na phosphate buffer, pH 7.0, and any residual ether was removed 
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under a stream of nitrogen prior to purification by RP-HPLC. All RP-HPLC was 
performed on a 10 mm x 250 mm C4 column (phenomenex), using a gradient of 0.1% 
(w/v) TFA in water (solvent A), and 0.1 % TFA in acetonitrile (solvent B). 
Steady State Photolysis 
Samples where placed in a quartz cuvette irradiated with an Oriel 66011 Hg vapor 
arc lamp operating at 450 W and filtered through a 355 run UGll band pass filter. A 
sample of cVHP-34 MI2C-CMB was dissolved in 10 mM sodium phosphate buffer, pH 
7.0. The optical absorbance was monitored with an HP 8452 diode array 
spectrophotometer. The photolysis was judged to be complete when no further spectral 
changes occurred. HPLC analysis was performed using a phenomenex analytical C18 
reverse phase column. MALDI-TOF MS, [M+Ht expo 4191.8, found 4191.25 (average) 
(figure 6). 
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Figure 6. MALDI-TOF MS corresponding to the 
sample shown in figure 4. Addition peaks observed 
in sample B are standards. 
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Steady-State Circular Dichroism Studies 
Samples for CD Spectroscopy were brought up in 10 rnM sodium phosphate buffer, 
pH 7.4. Spectra were recorded on an Aviv 62A DS spectrometer in a Imm cell at 25°C. 
The results are expressed as mean residue molar ellipticities [8]. 
Photoacoustic Calorimetry and Photothermal Beam Deflection 
Curve fitting and experimental setup for beam photothermal deflection (PBD) were 
as previously described. 19 This technique involves photo excitation of a molecular system 
of interest in which excess energy is dissipated by vibrational relaxation to the ground state 
and results in thermal motion of the solvent. This causes a rapid volume expansion that 
changes the refractive index of the solvent. Additionally, volume changes in the molecular 
system of interest also contribute to the refractive index change so that the change in 
volume can be measured for a given reaction. In PBD, the changes in the refractive index 
are monitored optically by a probe beam following an initiation event. This technique has 
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Figure 7. Graphical Representation of PAC signal. A.) Reference compound B.) Photolysis of 
cVHP-34 M12C-CMB. 
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the unique advantage that it can be used to collect both kinetic and thennodynamic 
infonnation in the same experiment. 
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